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A membrane can be defined as a thin and selective barrier which enables the 
transport or the retention of compounds between two media. Membranes can be 
classified in different ways depending on what criteria one chooses to use. 
Membranes can be divided into living and non-living membranes, the first 
category is essential to all life, whereas non living membranes are synthetic 
membranes, which have enormous applications in industries. On the basis of 
structure, membranes can be fiarther divided into symmetric and asymmetric; the 
symmetric membranes consist of only one layer, whereas the asymmetric 
membranes consist of a dense toplayer having a porous support. An important 
class of the-asymmetric membranes is the composite membranes, where the 
toplayer and support are made of different polymer materials. The dense skin layer 
is responsible for the selectivity, whereas all layers contribute to the flow 
resistance. The symmetric and asymmetric membranes can be further divided into 
porous and nonporous membranes. 
Membrane filtration has emerged as a technology of choice in the water 
industry. It has numerous advantages over conventional treatment technology. 
These include small footprint, low or almost zero chemical consumption, 
capability to upscale and retrofit to existing facility with the ease or to combine 
with other treatment processes to maximize efficiency, and above all, and superior 
product water quality. Over fime, problematic technical and economical 
drawbacks associated with membrane technology such as membrane fouling, 
energy consumpfion, and limited membrane lifetime have been progressively 
addressed. Consequently, numbers of membrane filtration applications in the 
water industry have sky-rocketed over the last few years. 
Microfiltration, ultrafiltration, nanofiltration and reverse osmosis are all 
pressure driven membrane processes which differ in membrane pore size. The 
pore diameter in microfiltration membranes are in the range of 100-1000 nm, in 
ultrafiltration membranes range is 5-100 nm, in nanofiltration membranes it is 1-
100 nm whereas in reverse osmosis membranes are below Inm. 
Membrane transport models have been derived from two independent 
approaches. The first category of models assumes a separation or transport 
mechanism and calculates the fluxes according to these mechanisms. The second 
category of transport models is based on the theory of irreversible 
thermodynamics, also referred to as non-equilibrium thermodynamics. 
In this thesis, preparation and transport properties of number of inorganic 
precipitated membranes are presented and in order to simplify, the contents of the 
thesis are divided into four parts. 
Chapter I gives general introduction regarding inorganic precipitated 
membranes. 
Chapter II describes transport phenomena in polystyrene based nickel arsenate 
membrane The membrane potentials of nickel arsenate membrane were measured 
with uni-univalent electrolytes solution using saturated calomel electrodes. 
Theories for the salt concentration dependence of uni-univalent potentials 
proposed by Teorell-Meyer-Siever and Kobatake methods and have been 
compared in order to obtain a relationship for the theoretical values of uni-
univalent potentials. The order of fixed charge density for electrolytes used was 
found to be KCl >NaCl> LiCl. The conductance values were found to increase 
with the increase in concentration as well as with temperature. The specific 
conductance values of electrolytes follow the sequence for the cations: K^> Na^ > 
Li^. The membrane pores reduce the conductance of small ions, which are much 
hydrated. An increase in conductance with increase in temperature may have been 
due to the state of hydration, which implies that the energy of activation for the 
ionic transport across the membrane follows the sequence of crystallographic radii 
of ions accordingly. Negative AS* values indicate the formation of a covalent 
bond between the permeating species and the membrane material The structure of 
the membrane was observed with the aid of a scanning electron microscope. 
Membrane had random non-preferential orientation with no visible cracks and 
appeared to be composed of dense and loose aggregation of small particles. 
Chapter III describes transport phenomena in polystyrene based titanium 
arsenate membrane. Membrane potential is a measurable and reliable parameter to 
characterize the charge property of membrane. Membrane potentials have been 
measured across polystyrene based titanium arsenate membrane separating various 
1:1 electrolytes at different concentrations. Membrane potential data have been 
used to calculate transference number of ions, mobility, distribution coefficient, 
charge effectiveness, permselecfivity and also to derive the thermodynamically 
fixed charge density which is an important characteristic governing the membrane 
phenomena by utilizing the generally accepted theories for the salt concentration 
dependence of uni-univalent potentials proposed by Teorell-Meyer-Sievers and 
Kobatake methods and these are compared in order to obtain a relationship for the 
theoretical data of uni-univalent potentials. The good agreement between the 
theoretical and the experimental data of uni-univalent potentials prove the 
applicability of the relationship derived to the membrane system. Kobatake's 
equation was used under two limiting conditions, namely in the concentration 
range and in the dilute range. The two limiting forms of Kobatake's equation gave 
identical values of 0 for the membrane taken in this investigation. Membrane is 
negatively charged (cation selective) and the selectivity increases with dilution. 
The structure of the membrane was observed with the aid of a scanning electron 
microscope. The order of fixed charge density for electrolytes used was found to 
beKCl>NaCl>LiCl. 
The ionic conductance across titanium arsenate membrane has been recorded. 
Aqueous solutions of LiCl, NaCl and KCl were used. The conductance values 
have been found to increase with increase in concentration. The slope of the plots 
of specific conductance versus concentration exhibits a decrease in its values at 
relatively higher concentrations compared to those in extremely dilute solutions. 
The specific conductance values of electrolytes follow the sequence for the 
cations: K > Na > Li^ Specific conductance increases with increase in 
temperature, due to the state of hydration which implies that the activation energy 
decreases. The activation energy decreases with the increase in the concentration 
of the electrolyte solution and the sequence for energy of activation is K^ > Na "> 
Li^. Negative AS* values indicate the formation of a covalent bond between the 
permeating species and the membrane material 
Chapter IV describes transport phenomena in polystyrene based cobalt 
arsenate membrane. Aqueous solutions of LiCl, NaCl and KCl were used. 
Membrane potential data have been used to calculate transference number of ions, 
mobility, distribution coefficient, charge effectiveness, permselectivity and also to 
derive the thermodynamically fixed charge density which is an important 
characteristic governing the membrane phenomena by utilizing the generally 
accepted theories for the salt concentration dependence of uni-univalent potentials, 
proposed by Teorell-Meyer-Sievers and Kobatake methods and have been 
compared in order to obtain a relationship for the theoretical data of uni-univalent 
potentials. The good agreement between the theoretical and the experimental data 
of uni-univalent potentials prove the applicability of the relationship derived to the 
membrane system. The conductance values have been found to increase with 
increase in concentration as well as with temperature. The slope of the plots of 
specific conductance versus concentration exhibits a decrease in its values at 
relatively higher concentrations compared to those in extremely dilute solutions. 
The specific conductance values of electrolytes follow the sequence for the 
cations: K'^ > Na"*^  > Li^ An increase in the conductance with the increase in 
temperature may have been due to the state of hydration, which implies that the 
energy of activation for the ionic transport across the membrane follows the 
sequence of crystallographic radii of ions. Negative AS* values indicate the 
formation of a covalent bond between the permeating species and the membrane 
material. The structure of the membrane was observed with the aid of a scanning 
electron microscope. 
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"Success begins with the feCtows wiCC, its aCC in the state of mind, fife's 
SattCes don't afways go to the stronger or faster man, Sut sooner or [ater the 
man who wins is the man who thin^ he can". 
The aim of this work is to prepare inorganic precipitate membranes based on sol 
gel method. Membranes may be solid, liquid or gas and the outer phases are 
usually liquid or solid. Membranes are usually thin in one dimension relative to 
the other two dimensions. This property is only functional or operational. 
This thesis has been divided into four chapters. The first chapter contains 
general introduction regarding inorganic precipitated membranes. The second, 
third and forth chapters report preparation and transport properties of number of 
inorganic precipitated membranes. 
Membrane potential and conductance are a measurable and reliable parameter 
to characterize the charge property of membrane. Membrane potentials have been 
measured across polystyrene based arsenate membranes separating various 1:1 
electrolytes at different concentrations. Membrane potentials data have been used 
to calculate transference number of ions, permselectivity and also to derive the 
thermodynamically fixed charge density which is an important characteristic 
governing the membrane phenomena. In addition to evaluation of distribution 
coefficient, mobility, charge effectiveness and other related parameters were 
calculated for the characterizing the prepared membranes. 
XIV 
At the same time experimentally observed membrane conductance values at 
different temperatures have been used to compute various thermodynamic 
parameters. 
CHA^FPE^l 
generaf Introduction 
The study of transport phenomena in inorganic precipitate membrane is one of the 
major problems in which the chemists and biologists are equally interested. 
Tremendous progress has been made during the last decade pertaining to 
membrane diffusion and transport problems in various fields of research [1-8]. The 
literature on the subject, both theoretical and experimental has reached impressive 
proportions. Chemists and chemical engineers would like to understand the 
mechanism of transport and with the knowledge gained they would be able to 
fabricate membranes of desired properties [9,10]. Biologists, on the other hand, 
would like to use them as simple models for the physiological membranes in order 
to understand, in terms of established physical chemical principles, the behavior of 
complex cell membranes [11,12]. Pharmacologists, however, would use the 
knowledge to understand the controlled delivery of drugs to their respective 
targets in the human body [13,14]. Physists and mathematicians have also tried 
and introduced theories to know the transport mechanisms [15,16]. The recent 
progress of the physico-chemical [17] aspect of membrane is entirely due to the 
applications of the thermodynamics [18]. 
It is very difficult to give a precise and complete definition of the word 
"membrane" because any definition given to cover all the facets of membrane 
behavior will be simply incomplete. According to Sollner [19,20] "A membrane is 
a phase or structure interposed between two phases or compartments, which 
obstructs or completely prevents gross movement between the latter, but permits 
passage, with various degree of restriction, of one or several species of particles 
from the one to the other or between the two adjacent phases or compartments and 
thereby, acting as a physico-chemical machine. Lakshminarayanaiah [21] has 
given a simple definition and described the membrane as a phase, usually 
heterogeneous, acting as a barrier to the flow of molecular and ionic species 
present in the liquid and/or vapor contacting the two surfaces. The term 
heterogeneous has been used to indicate the internal physical structure and 
external physico-chemical performance [22,23]. 
The current theories [24] on the transport of charged or uncharged particles 
across membranes can be roughly divided into the following three groups: 
One school of thought considers the membrane as a surface of discontinuity 
separating the two adjacent phases and setting up different resistances to the 
passage of various molecular and/or ionic species. Second school of thought 
considers the membrane as a quasi homogeneous intermediate phase of finite 
thickness while the third one considers the membrane as a series of potential 
energy barriers. This grouping attempts to classify the various mathematical 
approaches according to the ideal models on which they are based. Many of the 
theories based on the Nemst Planck flux equations are placed in the first group 
whereas those dealing with the principles of irreversible thermodynamics and the 
theory of rate processes are placed in the second and third groups respectively. 
According to Lakshminarayanaiah the theories of group one are based on the ideas 
of classical thermodynamics or quasi thermodynamics which are restricted to 
isothermal systems. The theories of group two, apart from being more rigorous 
and realistic, allow a better understanding of transport phenomena in membranes 
and are useful in dealing with non isothermal systems. The theories of group three 
contain parameters which are still unknown and hence have restricted 
applicability. 
A membrane is an interphase between two adjacent phases acting as a 
selective barrier, regulating the transport of substances between the two 
compartments. According to Lonsdale's viewpoint [25] a membrane is not just an 
object that obstructs but its definition must embody its function. A membrane is a 
thin wall made of materials that provide an unequal resistance to the transport of 
different molecules. The molecules are driven across the membrane by forces 
arising fi"om imposed chemical or electrochemical potential gradients. Such 
potential gradients may be induced within the film by inserting the membrane 
between two media differing in pressure, temperature, composition and electric 
potential. Membranes are a part and parcel of biological systems and are believed 
to be involved in innumerable fundamental life processes such as ion 
accumulation, conduction of nerve impulses, protein synthesis, energy 
transduction, immunological reactions, phagocytosis and pinocytosis, etc. vital for 
sustaining life on this planet. 
A membrane can be homogeneous or heterogeneous, symmetric or 
asymmetric in structure, solid or liquid can carry a positive or negative charge or 
be neutral or bipolar. Membranes may be natural or artificial, carry ionizable 
groups either fixed to the three dimensional membrane matrixes or adsorbed as 
found in some colloidal systems. 
1. Type of Membranes 
1.1. Ion- Exchange Membranes 
Ion-exchange membranes carry the fixed positive or negative charges (called 
anion exchange membranes, AFM or cation exchange membranes, CEM, 
respectively). Ion-exchange membranes are one of the most advanced separation 
membranes. The basic applications of the ion exchange membrane processes are 
based on the Donnan membrane equilibrium principle. They are generally used in 
the treatment of ionic aqueous solutions, e.g. electrodialytic concentration of 
seawater, desalination of saline water, demineralization process, acid and alkali 
recovery and other [26-30]. Ion-exchange charged membranes, which are now 
extensively utilized in industries, have attracted considerable attentions due to 
their extraordinary properties and practical demands and thus a large number of 
researchers have concentrated on these investigations for many years [31]. With 
the rapid development of industry and population explosion throughout the world, 
the demand for fresh water has become increasingly urgent due to the scarcity of 
drinking water resource and the contamination of environment due to industrial 
wastes. Hence the treatment of industrial wastewater is becoming imperative; 
while innovative technologies, which are used to prepare fresh water such as the 
desalination of brackish water and treatment of the industrial refuses, have 
attracted numerous researches. Among these novel methods, ion-exchange 
membrane based technologies have been regarded as both effective and 
economical due to its lower operational expense and secure processes etc. [32,33]. 
Ion-exchange membranes discriminate cation and anions, thus they should have a 
high transport number for counter-ions. 
For these wide applications, the most desired properties required for 
successful ion-exchange membranes are: 
• High perm selectivity — an ion-exchange membrane should be highly 
permeable to counter-ion, but should be impermeable to co-ions. 
• Low electrical resistance — an ion-exchange membrane should have low 
electrical resistance and thus there will be less potential drop during 
electro-membrane processes. 
• Good mechanical stability — the membrane should be mechanically strong 
and should have a low degree of swelling or shrinking in transition from 
dilute to concentrated ionic solutions. 
• High chemical stability—^the membrane should be stable over a pH-range 
of 0 to 14 in the presence of oxidizing agents. 
Most of the commercial ion-exchange membranes can be divided into two 
major categories. On the basis of their structure and preparation procedure: most 
of the commercial ion-exchange membranes can be divided into two homogeneous 
and heterogeneous. According to Molau [34], depending on the degree of 
heterogeneity, ion-exchange membranes can be divided into the following types: 
(a) homogeneous ion-exchange membranes, (b) interpolymer membranes, (c) 
micro-heterogeneous graft- and block-polymer membranes, (d) snake-in-the-cage 
ion-exchange membranes, (e) heterogeneous ion-exchange membranes [35]. 
All the intermediate forms are considered as the polymer blends from the 
viewpoint of macromolecular chemistry. On one hand, a phase separation of the 
different polymers is obtained, while on the other hand, a specific aggregation of 
the hydrophilic and hydrophobic properties of the electrolyte is obtained. A 
classification of the membrane morphology is then possible, depending on the type 
and size of the micro phase. The membranes are translucent, an indication that 
inhomogeneities, if any, are smaller than the wavelength of visible light (400 nm). 
Thus, these membranes are called interpolymer or micro-heterogeneous 
membranes. 
7.7.7. Homogeneous Ion-Exchange Membranes 
The method used for the preparation of homogeneous ion exchange 
membranes can be summarized in three different categories: 
1. Polymerization or polycondensation of monomers; at least one of them 
must contain a moiety that either is or can be made anionic or cationic, 
respectively 
2. Introduction of anionic or cationic moieties into a preformed solid film 
8 
3. Introduction of anionic or cationic moieties into a polymer, such as 
polysulfone, followed by the dissolution of the polymer and casting it into 
a film. 
Examples:--
Fluorinated ionomer membranes 
Styrene-divinylbenzene based membranes 
Partially fluorinated ionomer membranes 
Polysulfone based ion-exchange membranes 
Partially sulphonated poly(ether ether ketone) (PEEK) membranes 
Polybenzimidazole based ion-exchange membranes 
Polyimide based ion-exchange membrane 
Polyphosphazene ion-exchange membranes 
Styrene/ethylene-butadiene/styrene triblock copolymers 
Ion-exchange membranes by the sol-gel method 
Homogeneous membranes having good electrochemical properties lack in 
their mechanical strength, whereas heterogeneous membranes having very good 
mechanical strength are comparatively poor in their electrochemical performance 
[36]. 
1.1.2. Heterogeneous Ion-Exchange membranes 
Heterogeneous membranes, which consist of neutral polymer matrix, such as 
polyethylene are randomly filled with micron-sized ion-exchange particles. Both 
membrane types are often reinforced with a net of polymeric material, such as 
polyamide or polyester. A heterogeneous membrane becomes an ion-conductive 
permselective membrane when the so-called percolation concentration [37] of the 
ion-exchange particles is surpassed. The concentration of ion-exchange particles in 
the matrix required for reasonable ion transport through the membrane is 50-70 
wt. % [38]. At such concentrations, the specific conductivity of commercial 
membranes lies in the range 4-12 mScm~'. The above-mentioned concentrations 
of ion-exchange particles are, in fact, the maximum possible concentrations for 
electrodialysis applications: any attempt to obtain higher conductivity by 
increasing the concentration of ion exchanger beyond this range results in a loss of 
membrane strength and in reduced shape stability due to increased swelling upon 
exposure of the membranes to aqueous salt solutions. These properties are 
important for membranes used in electrodialysis stacks, since they limit the range 
of conditions under which electrodialysis may be applied. 
In power sources, particularly fuel cells, the Nafion^"^ membrane is widely 
used because of its remarkable proton conduction (0.15 S cm"') and its stability to 
oxidation [39], However, new generations of fuel cell require both higher proton 
conductivity and lower permeability to the fuel (for example, hydrogen or 
methanol). Inorganic or hybrid inorganic-organic composite membranes (both of 
the heterogeneous type) are currently under intensive development for such 
applications [40-43]. One of the problems encountered in the development of such 
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membranes is that as the proton conductivity or the ionic conductivity in general 
increases, permeability to the fuel also increases [44]. 
1.2. Liquid Membranes 
In recent years, the liquid membrane has been widely used to study ion 
transport against a concentration gradient [45,46]. Ion transport through the liquid 
membrane plays an important role in simulating biological membrane functions 
and separation technologies because of the high transport efficiency, excellent 
selectivity and economic advantages of the liquid membrane. A number of 
successful studies involving the transport of metal ions [47-50], rare earth 
elements [51,52], drugs [53], phenols [54], fructose [55] and the treatment of 
seawater and wastewater [56-58] through the liquid membrane have been carried 
out. Selective transport of transition metal ions through liquid membranes has 
become increasingly noteworthy. A number of carriers for heavy metal ions and in 
particular Cu(II), which is both vital and toxic to many biological systems, have 
been reported [59,60]. Two configurations of liquid membrane are currently being 
used: emulsion liquid membrane [ELM] and supported liquid membrane [SLM] 
[61,62]. 
1.3. Bipolar Membranes 
Bipolar membranes are known since the 1950s and have aroused a renewed 
interest for their ability to generate hydrogen ions (H^) and hydroxyl ions (OH) 
by water dissociation via electrodialysis during the last decade [63,64]. BM is 
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generally composed of a layered polymer structure composed of a juxtaposed 
cation selective exchange region (CM) joined to an anion selective region (AM). 
and the electro-dissociation of water is achieved. BM and its related technology 
have found many applications in industries and in daily life, such as chemical 
production and separation and environmental conservation, etc. 
Bipolar membranes have recently gained attention as efficient tool for the 
production of acids and bases from their corresponding salts by electrically 
enforced accelerated water dissociation. Bipolar membranes can be prepared by 
simply laminating conventional cation- and anion-exchange membranes. The total 
potential drops depend on the applied current density, the resistance of the two 
membranes and solution resistance. Since the specific resistance of deionized 
water is very high, the distance between the membranes of opposite polarity 
should be as low as possible. 
1.4. Inorganic Membranes 
The inorganic membrane was first developed and used in large scale in gas 
separation processes in 1940. New processes and techniques in inorganic 
membrane technology have been revolutionizing the chemical industry in recent 
year and acting as substitute of polymeric membranes [65]. Inorganic membranes 
exhibit unique physical and chemical properties compared to the other 
membranes. These can significantly be used at higher temperatures with structural 
stability without swelling or compaction and can withstand harsh chemical 
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environment without undergoing microbiological attack. They posses very high 
resistance towards acid and has remarkably high selectivity [66]. There are 
extensively used in separation processes. Their high electrical conductivity and 
better current efficiency have been used in desalting of brackish water [67], fuel 
cell and electrical storage batteries [68]. The inorganic ion-exchange membranes 
are useful in a variety of selective separation processes such as water purification, 
catalyst recovery, solvent cleanup, food and beverage processing. However, they 
have made little headway as a model for biological membranes in spite of the fact 
that comparatively simpler inorganic systems made up of amino, imido and 
phosphate groups comparable to phospholipids can be investigated and 
subsequently synthesized. 
Two types of inorganic membranes are generally known viz., (i) crystalline 
and (ii) amorphous. Heteropolysalts such as phosphomolybdates, aminosilicates, 
etc., belong to the former category, and simple and mixed hydrous oxides of group 
IV, V and VI to the latter category. Ceramic membrane is the another recent 
development of inorganic membrane system and probably the most attractive 
system for gas separation processes [69] due to its high molecular sieve like 
selectivity and high stability at enhanced temperature (300-1000°C) and are 
chemically quite stable. Ceramic membrane is used in membrane reactor. It uses 
catalytically active or passive membrane and is proved to be very promising. 
Amorphous type inorganic membranes have not been used extensively in practical 
and industrial purposes. In order to obtain both categories of membranes as sheets 
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of sufficient mechanical strength, they are amalgamated with polystyrene [70].The 
parchment supported membranes have also been employed for this study [71]. 
Inorganic membranes are versatile; they can operate at elevated temperatures, with 
metal membranes stable at temperature ranging from 500-800 °C and with various 
ceramic membranes usable over 1000 "C. They are also much more resistant to 
chemical attack. A variety of materials has been used in the fabrication of 
inorganic membranes and manipulates their features according to necessity that is 
resistance to corrosive liquids and gases, mechanical and thermal stability, etc. 
Inorganic membranes compete with organic membranes for the commercial use 
and in many of the harsh operational environment organic membranes do not 
perform well or remain stable. 
7.5. Non Porous and Porous Membranes 
Membranes are considered to be nonporous or porous depending upon the 
extent of solvent penetration [72]. At the nonporous extreme, membranes that are 
nonionic and contain negligible transportable species at equilibrium, e.g., ceramic, 
quartz, antharacene crystal and teflon film, are examples of solid membranes. 
Organic liquid film such as hydrocarbon and fluorocarbon are examples of liquid 
membranes. At the porous extreme, the membranes can be solvated and contain 
components from the outer phases. Inorganic gels are loosely compressed powder 
in contact with aqueous solution. These materials absorb solvent from the 
surrounding media and may also interact with other neutral molecules and ionic 
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salts. More widely studied membranes are polyelectrolyte (solid ion-exchanger), 
aqueous immiscible organic liquid electrolytes (liquid ion-exchanger), various 
parchment supported inorganic precipitate [73], solid ion conducting electrolytes 
including silver halide, rare earth fluoride, alkali silicates and alumino silicate 
glasses. All these material contain ionic or ionizable groups within the 
membranes, which are capable of transport under diffusive or electric field forces 
and these material possess the properties of porosity. Polyelectrolytes tend to swell 
rapidly by osmotic pressure and uptake of the solvent. Liquid ion-exchangers are 
surprisingly slow to take up of water, while the inorganic salt have no tendency to 
hydrate, glass membrane are complicated by simultaneous hydrolysis of the 
polyelectrolyte during uptake of water [74]. 
1.6. Polymeric Membranes 
Polymeric membranes are well known for their uniformity, chemical stability 
and controlled ion-exchange properties. These membranes have significant 
advantages over conventional membranes, owing to their electrical nature, 
adhesive property, thermal conductivity, chemical resistivity and biochemical 
properties. Polymeric membranes are important separation device extensively used 
as biomedical membranes in applications such as heamodialysis, heamofiltration, 
reverse osmosis, blood purification, and control drug delivery, etc. [75]. In the 
natural kidney, ultrafiltration of the blood occurs through the capillaries leading to 
the removal of waste product and purification of blood. In an artificial unit, a 
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membrane dependent ultrafiltration achieved essentially the same results. 
Membranes in the form of either flat sheets or hollow fibers are employed. A 
synthetic polymer substitute is being experimented with a polyethylene glycol, a 
block copolymer membrane which can filter selectively [76]. A modified 
polymeric unit has been used as membrane in which oxygenated blood is allowed 
to flow through membrane barrier which have very high permeablities to both 
oxygen and carbon dioxide. The flow of oxygen, which is maintained at high 
partial pressure, displaces carbon dioxide and thus this unit is accounted for 
effective purification. Silicon is the best membrane material available and 
extensive used as a polymeric membrane. It has a high permeability to gases and 
low permeability to water and can also be autoclaved [77]. Synthetic polymeric 
membranes are the crucial compounds of controlled drug delivery system [78]. 
The advantage of drug delivery in this fashion is that the drug can be maintained at 
optimum therapeutic concentration in the body over long period of time. Besides 
silicon membranes, ethylenevinlylacetate copolymers, polyglycollic acid, lactic 
acid, block copolymer and certain verities of hydrogel have drawn attention. A 
hydro gel system is based on butylmethacrylate, which has been tested for 
antitumor drug delivery. Polymeric membrane bearing ion-exchange property has 
the distinction of being the most widely studied systems [79]. 
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1.7. Lipid Membranes 
Tethered bilayer lipid membrane (tBLM) systems, which have been developed 
for biological membranes [80], have been used in the investigation of membrane 
proteins to study processes such as redox activity and ion transport across the 
membrane [81-83]. The general concept of tBLMs is to prepare a SAM on a metal 
surface using thiol-lipids that consist of a lipid tail and a hydrophilic spacer 
attached to the thiol. In a second step, the other leaflet of the lipid bilayer is 
formed by fusion of phospholipids vesicles, sometimes supplemented with sterols. 
The thiol-lipids can also be 'diluted' on the surface by mixing them with smaller 
thiol compounds [84-86]. 
An important issue is whether the hydrophilic region of a tBLM (the 
sublayer) is able to accept and store ions [86-89]. This is especially important 
when studying membrane proteins that are active in charge transport, such as ion 
channels and active transporters. Becucci et al. have performed a thorough and 
detailed analysis of a tBLM on mercury which shows that ions are indeed able to 
penetrate in the sublayer, albeit with high resistance values up to 0.2 MQ cm^ [87-
89]. However, it is not known whether similar properties are exhibited by tBLMs 
prepared on solid metals like gold. Using mixed SAMs might further change the 
properties of the sublayer and therefore the ability of the tBLM to store ions [86]. 
In a recent neutron reflectivity study it was shown that water is present in the 
sublayer when mixed SAMs are used [90]. 
17 
1.8. Charged and Uncharged Membranes 
The term charged and uncharged in the membrane Hterature is usually unsound 
electrostatically, but does provide an intuitive chemical description. A charged 
membrane refers to an electrolyte membrane viz., solid or liquid ion-exchangers. 
where the fixed and mobile sites are having the charges. Actually these 
membranes are quasi electroneutral in their bulk when the thickness is large 
compared with the Debye thickness at each interface. Quasi-electroneutrality 
means that any volume element is larger compared with the distance between ions 
and the sum of ionic charges. In the literature uncharged membranes are those, 
like cellophanes, with no fixed charges. This frequently used literature definition 
provide no place for liquid layer membranes. These are electrostatically neutral 
only in the absence of charge carriers and bathing solutions whose salts possess 
preferential solubility of anion over cation or vice-versa but are usually 
electrostatically charged by an amount of ion of same sign in normal operation. 
Thick hydrocarbon membranes, membrane of diphenyl ether, phthalate and 
sebacate esters are generally neutral in the presence of most bathing electrolyte. 
The may be charged electrostatically, depending on the thickness, in the presence 
of neutral carrier species that preferentially solubalize ions of one sign. The use of 
term charged and uncharged is described electrolyte and non electrolyte 
membranes have been discussed unless the precise electrostatic interaction is 
involved [91]. 
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1.9. Fixed Site and Mobile Site Membranes 
The electrolyte membranes are characterized by the presence of charged sites. 
The sites are partially or completely ionized depending on the dielectric constant 
and solvent penetration [92]. If ionic groups for example -SO3 , -COO , -PO4 
are fixed in the membrane, attached to cation-exchangers, the membrane is 
considered to posses fixed sites even though protons or metal ions are covalentl> 
bonded to the sites. In glass membrane, the fixed sites are SiO~ and AlO" groups, 
while in anion exchangers these are -N^ and -NH4" .^ The membranes having same 
fixed charged groups exclude co-ions by electrostatic repulsion. The extent of 
exclusion is governed by the concentration of external electrolyte and the 
magnitude of the charge fixed to the membrane matrix. On the other hand, liquid 
ion-exchangers that are water immiscible, such as diesters of phosphoric acid, can 
be viewed as a mobile site membrane. The acid is trapped in the organic phase, 
while the proton and other cations can move in and out of the membrane frame 
work. 
1.10. Organic-Inorganic Hybrid Membranes 
The nanostructure organic-inorganic hybrid materials are currently the subject 
of intensive research, because they combine in a single solid both^ the attractive 
properties of a mechanically and thermally stable inorganic backbone and the 
specific chemical reactivity and flexibility of the organo-flinctional group. These 
combined properties of the hybrid nanostructure materials with diverse 
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applications have attracted attention in the fields of material science [93-96], 
heterogeneous catalysis [97], separation science, and fuel cells [98,99]. Most of 
the properties of these new materials are dependent on their structural and 
chemical composition as well as on the dynamic properties inside the hybrid. To 
develop functionalized materials/membranes, several investigators worked on the 
organic-inorganic hybrid materials, in which functional groups were covalently 
attached to the organic part of the hybrid [100-102] (such as sulfonated 
polysulfones, sulfonated polyetherketones, and polybenzeneimidazole). The 
problem with the hybrid material is that if the organic chains in these hybrids bear 
functional groups such as sulfonic or sulfonamide, usually they are soluble in 
water [103]. To decrease solubility and increase plasticity and mechanical 
strength, in most cases, the hybrids were cross-linked. However, very little work 
has been done for the applications of these materials as ion-exchange membranes, 
in which a functional group is attached to the inorganic part of the hybrid 
materials. Another choice is to disperse hybrid ion-exchangers into inorganic 
substrates to form supported membranes. 
2. Membrane Separation Technology 
A membrane separation system separates an effluent stream into two sub-
streams known as permeate and concentrate. The permeate is the portion of the 
fluid that has passed through the semi-permeable membrane, whereas the 
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concentrate stream contains the constituents that have been rejected by the 
membrane. 
Passive transport through membranes occurs as consequence of a driving 
force, i.e. a difference in chemical potential by a gradient across the membrane in, 
e.g. concentration or pressure, or by an electrical field [104]. The barrier structure 
of membranes can be classified according to their porous character (Table 1). 
Active development is also concerned with the combination of nonporous or 
porous membranes with additional separation mechanisms, and the most important 
ones are electrochemical potentials and affinity interactions. 
For non-porous membranes, the interactions between permeate and 
membrane material dominate transport rate and selectivity; the transport 
mechanism can be described by the solution/diffusion model [105,106]. 
The separation selectivity between two compounds can be determined by 
the solution selectivity or by the diffusion selectivity. However, even for systems 
without changes of the membrane by the contact with the permeand—as it is the 
case for permanent gases with dense glassy polymers—a dual-mode transport 
model is the most appropriate description of fluxes and selectivities [107]. This 
model takes into account that two different regions in a polymer, the free volume 
and more densely packed domains, will contribute differently to the overall barrier 
properties. 
For porous membranes, transport rate and selectivity are mainly influenced 
by viscous flow and sieving or size exclusion [108]. Nevertheless, interactions of 
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Table 1 Classification of membranes and membrane processes for separations via 
passive transport 
Membrane barrier 
structure 
Trans-membrane gradient 
Concentration Pressure Electrical field 
Non-porous Pervaporation (PV) 
Microporous pore Dialysis (D) 
diameter dp<2nm 
Mesoporous pore Dialysis 
diameter dp=2-50nm 
Macroporous pore 
diameter dp=S0-S00mn 
Gas separation (GS) 
Reverse Osmosis (RO) 
Nanofiltration (NF) 
Ultrafiltration (UF) 
Microfiltration (MF) 
Electrodialysis (ED) 
Electrodialysis 
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solutes with the membrane (pore) surface may significantly alter the membrane 
performance. Examples include the GS using micro- and mesoporous membranes 
due to surface and Knudsen diffusion, and the rejection of charged substances in 
aqueous mixtures by microporous NF membranes due to their Donnan potential. 
Furthermore, with meso- and macroporous membranes, selective adsorption can 
be used for an alternative separation mechanism, (affinity) membrane adsorbers 
are the most important example [109]. In theory, porous barriers could be used for 
very precise continuous permselective separations based on subtle differences in 
size, shape and/or functional groups. 
Membrane separation technologies commercially established in large scale 
are: 
• D for blood detoxification and plasma separation ('medical devices'); 
• RO for the production of ultrapure water, including potable water ('water 
treatment'); 
• MF for particle removal, including sterile filtration (various industries); 
• UF for many concentration, fractionation or purification processes (various 
industries including 'water treatment'); 
• GS for air separation or natural gas purification. 
The following general strategies will lead to a higher separation's 
performance: 
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• non-porous membranes—composed of a selective transport and a stable 
matrix phase at an optimal volume ratio along with a minimal tortuosity of 
the transport pathways, thus combining high selectivity and permeability 
with high stability; 
• porous membr£ines—with narrow pore size distribution, high porosity and 
minimal tortuosity (ideally: straight aligned pores though the barrier); 
• additional functionalities for selective interactions (based on charge, 
molecular recognition or catalysis) combined with non-porous or porous 
membrane barriers; 
• membrane surfaces (external, internal or both) which are 'inert' towards 
uncontrolled adsorption and adhesion processes. 
3. Performance of Advance Functional Membrane 
The performance criteria for advanced membranes obviously depend on the 
state of development and technical implementation of the respective membrane 
process 
3.1. Gas Separation 
GS with membranes is established in large scale for selected processes such as 
the separation of oxygen and nitrogen, hydrogen and nitrogen, or carbon dioxide 
and methane. Nevertheless, GS had not yet been implemented in the large scales 
envisioned a decade ago. Active research and development is still devoted to the 
removal of carbon dioxide from various streams. Other important separations are 
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the conditioning of natural gas or the purification of process gases. The separation 
of (organic) vapors, for the recovery for valuable material or for the removal of 
undesired components, is another opportunity 
3.2. Reverse Osmosis 
Over the last decades polyamide membranes for reverse osmosis (RO) have 
found many successful uses in desalination of sea and brackish water, waste 
treatment and various separations in chemical, food, pharmaceutical and other 
industries. Despite the commercial success, current understanding of separation of 
multicomponent mixtures, especially of electrolytes, by these membranes is still 
insufficient for predictive modeling and motivates search for novel 
characterization approaches. 
Customarily, models employ a set of extended Nemst-Planck (ENP) differential 
equations. The ENP equations are obtained when a convection term is added to the 
Nemst-Planck equations for each ion in solution with an additional condition of 
electroneutrality [110-112]. Thermodynamic relations must be added to link the 
ion activity to local solution composition based on relevant mechanisms of ion 
exclusion—steric, Donnan and/or dielectric. 
Even at the most basic level the models require a large number of 
phenomenological parameters such as the absolute ionic permeabilities coj and the 
reflection coefficients a, that must be known for each individual ion present in 
solution. However, in standard experiments with RO filtration of single salts only 
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lump "salt" parameters co^ and a^ may be obtained. For results, a significant 
number of assumptions are usually made regarding the exclusion mechanism(s) 
and the values of relevant parameters, e.g., effective fixed charge density for 
Donnan exclusion [110-112]. Obviously, this largely reduces the capability of the 
models to predict performance in complex cases. The difficulties to obtain 
individual ion characteristics for salts are mostly associated with two problems. 
The first is coupling of the ion fluxes via electrostatic interactions, which occurs 
even in the case of a single salt. For charged unsupported membranes (e.g., ion-
exchange membranes), the standard way of splitting the salt parameters to 
individual ionic parameters is measuring some electrical characteristics, i.e., 
diffusion potential or high-frequency electrical resistance. However, in the case of 
composite RO membranes an additional difficulty arises due to the presence of the 
supporting layers, whose diffusional and electrical resistances overwhelm those of 
the active layer [113]. The largest progress using whole supported membranes has 
been achieved so far by Yaroshchuk et al. using non-steady state measurements, 
such as potential transients after a sudden change of current, pressure or 
concentration. In this way, contributions from the active and support layers may be 
separated at certain time scales [113-116]. 
3.3. Nanofiltration 
Transport through nanofiltration membranes merge size and electrical effects, 
as total charge density, dielectric exclusion, etc., with solution diffusion 
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mechanisms. Actually it joins factors typically relevant in reverse osmosis with 
those usually controlling ultrafiltration. The pore size of nanofiltration membranes 
is typically below 1 nm in diameter. They have fixed charges developed by 
dissociation of appropriate groups present in the membrane materials. Due to these 
charges and sizes, a nanofiltration membrane retains multivalent complex ions and 
transmits relatively well small uncharged solutes and low charged ions. The low 
energy consumption and the high fluxes attained by the process, makes 
nanofiltration very useful in fractionation and selective removal of solutes from 
complex process streams [117]. 
Transport of solutes takes place by convection due to the applied pressure 
difference and by diffusion due to the concentration gradient that appears across 
the membrane. A sieving-friction mechanism explains the retention of uncharged 
solutes [118,119]. 
In order to take into account both the steric and electrical interactions on 
charged solutes, a space charge model is commonly used. The so-called Donnan 
steric pore model (DSPM) proposed by Bowen et al. [120] in 1996 has given 
useful results. This model is based on the extended Nemst-Planck equation, but 
includes steric or sieving effects along the Donnan equilibrium to give the 
equilibrium partition of ions between the solutions in and outside the membrane. 
More recent developments include a description of dielectric exclusion whose 
effects are very relevant for such narrow pores. Non-uniformity of membranes can 
also be taken into account by introducing information on actual pore size 
27 
distribution, leading to slight modifications on retention if such distributions are 
wide enough [121]. 
Attending to the extremely relevant influence of pore size and pore size 
distribution for nanofiltration membranes, an adequate elucidation of such 
porometric properties [122] are discussed. 
NF membranes possess a molecular weight cut-off of about a few hundreds 
to a few thousands Dalton which is intermediate between reverse osmosis and 
ultrafiltration membranes. Nanofiltration has attracted increasing attention over 
recent years due to the development of new applications in several areas, e.g. 
textile industry (removal of dye from waste rinse water), paper and plating 
industries (limitation of the consumption of clean water by recycling waste water), 
drinking water production, etc. 
Some recent works devoted to the influence of electrolytes on the transfer of 
neutral solutes through NF organic membranes have shown a decrease in the 
rejection coefficient of neutral solutes in the presence of ions [123-126]. For 
instance, Bouchoux et al. studied the potentialities of NF as a purification step in 
the production process of lactic acid from sodium lactate fermentation broth 
[123].Working with single-solute solutions, these authors showed that the 
rejection coefficient of glucose (contained in the fermentation broth) was 
sufficiently greater than that of sodium lactate so that the purification was 
expected to be feasible. However, the experiments they carried out with the 
mixed-solute solutions revealed a sharp decrease in the glucose rejection 
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coefficient. Actually, the retention lowering was such that the rejection 
coefficients of both solutes became very close so that purification of anyone was 
unachievable. Several hypotheses have been postulated to explain this 
phenomenon. The first one was that the retention lowering may have been caused 
by an increase in the average pore size due to the repulsive interaction between the 
counterions inside the pores. This phenomenon is usually referred as pore swelling 
[123,124]. The second hypothesis was that ions may have decrease the effective 
size of the neutral species because water preferentially solvate ions (this would be 
a kind of salting out effect as first observed by Hofmeister in his work on the 
influence of the nature of the background salt on the precipitation of hen-egg-
white protein [127]). 
3.4. Pervaporation 
Pervaporation (PV) is providing the method in separating liquid mixture of 
volatile ingredients. The efficiency of PV has been approved in eliminating water 
from organic solutions, concentrating or recovering the organic from aqueous 
solution, separation of organic mixture, etc. So far, the explorations of PV process 
have been widely focused in the fields of wastewater treatment [128-131], 
pharmaceutical industry, and removal of the products from fermentation broth in 
bioreactors [132,133], condensation of the natural aroma in extraction solution 
[134] and so on. One of the key rules in selecting PV membrane is the 
compatibility between the membrane and the separations mixtures. For example. 
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for the PV processes with preferential permeation of the lower polar organics, the 
membrane material should have lower polarity nature. Contrarily, the membrane 
material should have higher polarity for the PV with permeation preference in 
water or the polar organics [135,136]. At the same time, the membranes were 
usually fabricated into asymmetric or composite structures with skin layer to 
increase the flux [137]. So, the asymmetrically polymeric membranes with 
selecting skin layer were of the key considerations in pervaporation. Currently, the 
efforts are still focused on the skin layer materials with excellent balanced 
performances. Among the great varieties of investigated polymers for PV, the 
fluorine-containing polymer has been noted. The lower polarity/ surface 
energy/crystallinity, the higher hydrophobicity and stability could generate 
fluorine-containing polymer into membrane materials for PV with organic 
permeating preference, especially in the separation of organic/water mixtures 
[138-140]. 
3.5. Dialysis and Ultrafiltration 
D and UF membranes have analogous porous barrier structures. For established 
materials prepared via the NIPS process, the pore size distribution with diameters 
in the lowest nanometer range is rather broad. Due to the different driving forces 
the separation in D and UF are much influenced by the early commercialization of 
hollow fiber membrane dialyzers, D which has now become a separate field. 
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D is mainly applied as hemodialysis for the treatment of patients, what lead to 
very strict requirements with respect to material's safety [141]. For the same 
reason, significant efforts are devoted to the improvement of biocompatibility of 
the membranes. A more precise filtration is also still a target for membrane 
improvement; however, the 'ideal' selectivity curve of a hemodialysis membrane 
is still not known based on a fundamental understanding of all critical components 
to be removed or retained [142]. Recently, the combination of D with selective 
adsorption had been actively developed, and the integration of useful adsorber 
functionalities in the membrane can also be achieved [143]. Finally, the well-
developed D membranes and modules are a comfortable basis for the development 
of other (novel) membrane technologies, e.g. membrane contactors [144] or 
enzyme-membrane reactors. 
Ultrafiltration (UF) membranes have been widely applied in molecular 
separation technologies such as those used in low concentration effluent treatment, 
water purification, and virus removal [145,146]. UF membranes with pore sizes in 
the range of 1-100 nm are classified by molecular weight cutoff (MWCO), which 
is typically defined as the molecular weight of a solute that has a rejection 
coefficient of 90% or greater. The pore geometry of UF membranes consists of an 
interconnected three dimensional network of channels of non-uniform size and 
shape. A prominent feature of UF membranes is their thin skin layer on the 
surface, which is usually 0.1-1 |im in thickness. This skin layer permits high 
hydraulic permeability while the more open/porous sublayer (typically 125 i^m in 
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thickness) provides good mechanical support; additional strength is sometimes 
provided by casting the membrane on a spun-bonded polyethylene or 
polypropylene backing [147]. Therefore, the small pores in the thin and dense skin 
layer are mainly responsible for the separation characteristics of the membrane 
and the open sublayer does not usually influence the membrane performance. 
Thus, when developing a UF membrane for a particular molecular separation 
process, it is of prime importance to determine the size and distribution of the 
pores of the membrane, as accurately as possible [147,148]. 
Various methods have been employed to determine the pore size distribution 
(PSD) of porous membranes, including the microscopic observation method 
[149,150], bubble pressure method [151], mercury intrusion porosimetry [152], 
permporometry [153], gas adsorption-desorption [154], and differential scanning 
calorimetry (DSC) thermoporometry [155,156]. These methods vary widely in 
applicability, sensitivity, and information that they yield. However, some methods 
have their specific disadvantages such as irreversible damage of the samples and 
time consuming, which limited their applications for porous materials having the 
small pores. In the case of mercury intrusion porosimetry and gas adsorption-
desorption, it is necessary to suppose a structural model for the pores, making the 
interpretation of the results quite complex. DSC thermoporometry observes heat 
transfer in a measurement consisting of dynamic and isothermal steps, from which 
the amount of liquid molten within given temperature ranges can be calculated 
with the help of the known enthalpy of fusion. However, DSC thermoporometry is 
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somewhat limited in the pore size range detectable, implying that it is difficult to 
obtain detailed information about the pore size distribution with a few nanometer 
sizes in UF membranes. Several approaches have been developed for 
characterizing the PSD of porous materials by means of IH nuclear magnetic 
resonance (NMR) [157,158]. 
ultrafiltration has mainly been used for protein concentration and desalting. 
Recent studies have demonstrated that ultrafiltration could potentially be used for 
high-resolution protein-protein fractionation [159,160] Feins and Sirkar [161] 
studied the separation of very close molecular weight proteins by using 
multilayered UF membranes and obtained excellent separation. However, there 
has been limited success in translating these advances into commercial processes; 
the main reason being the unsuitability of the currently used UF configurations 
and modes of operation for the high resolution fractionation [162]. In a recent 
theoretical study, Ghosh [162] has shown that it is possible to achieve high-
resolution protein-protein fractionation by using a continuous three-stage cascade 
UF configuration based on stirred cell membrane modules. The work 
demonstrated that both purification factor and recovery were affected by the 
manner in which the internal recycle streams were handled. By suitably adjusting 
the various flow streams within the configuration it was possible to simultaneously 
achieve high recovery and high purity in binary protein fractionation. More 
recently, Lightfoot [163] reiterated the possibility of using cascade systems for 
efficient binary solute fractionation. While purifying monoclonal antibodies 
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(mAbs) from mammalian cell culture supernatant using ultrafiltration, most 
separation strategies rely on the preferential retention of the mAb and preferential 
transmission of the impurities [164,165]. The mAb concentration in the starting 
material is typically in the 0.1-1.0 mg/mL range though many recent reports have 
claimed much higher yields [166]. The major impurities present in the cell culture 
supernatant are media proteins such as bovine serum albumin (BSA), bovine 
transferrin and insulin. Traditionally IgGl type mAbs are purified using three 
batch process steps in series: affinity chromatography by using protein-A, cation 
exchange chromatography followed by size-exclusion chromatography [165]. This 
is a very expensive, time-consuming procedure which is quite difficuh to scale-up. 
Moreover, there is a chance of protein-A leaching out from the affinity media 
during the elution step, this being undesirable since protein-A is immunotoxic in 
nature [167]. The use of acidic buffer (pH 3.0) during the elution step of protein-A 
affinity chromatography is also known to cause mAb denaturation and 
dimerization [168]. 
3.6. Microfiltration 
Microfiltration (MF) has been extensively used for the removal of COD and 
pigment from textile and pulp industry wastewaters, treatment of oil-containing 
wastewater, radioactive substances containing wastewater and activated sludge 
wastewater, and the purification of water for re-use and drinking [169-172]. A MF 
membrane can be regarded as a charged porous membrane to better understand its 
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separation performance. It cannot be taken simply as a sieve that leads to the 
rejection of the solutes such as ions, molecules, clusters, aggregates, and even 
particles in solution [173]. The charging of a porous membrane surface in a 
solution usually comes about in two ways: one is the ionization or dissociation of 
the groups on the surface of the membrane pores, and the other is the adsorption of 
ions from solution onto the surface of the membrane pores. These lead to the 
formation of an electrical double layer (EDL) that restores the electro neutrality in 
the solution [174,175]. Whatever the charging mechanism is, the charges of the 
surface are finally balanced by the isometric and opposite counter-ions, some of 
which are bound, usually transiently, to the surface within the well known Stem or 
Helmholtz layer, while others form an atmosphere of ions in rapid thermal motion 
close to the surface, known as the diffuse EDL [176]. 
4. Membrane Adsorber 
Separations with membrane adsorbers (membrane chromatography [177-180], 
solid phase extraction) are a very attractive and rapidly growing application field 
for the fimctional macroporous membranes. Several reviews had dealt with 
membrane adsorbers; some authors had tried to cover all important aspects from 
the materials to the process engineering [109,181], others had focused on special 
membranes [182,183] or on the various applications [184-187]. It should be 
mentioned that polymeric monoliths—made by a different manufacturing 
technology but having similar pore morphology — compete with macroporous 
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membrane adsorbers in some applications, especially for ultra-fast high-resolution 
separations [188-190]. 
The key advantages in comparison with conventional porous adsorbers 
(particles, typically having a diameter of > 50 |i m [191,192] result from the pore 
structure of the membrane which allows a directional (convective) flow through 
the majority of the pores. Thus, the characteristic distances (i.e. times) for pore 
diffusion is drastically reduced. The separation of substances is based on their 
reversible binding on the functionalized pore walls. Therefore, the internal surface 
area of the membrane and its accessibility is most important for the (dynamic) 
binding capacity. Typical specific surface areas of microfiltration membranes are 
only moderate (for a nominal pore diameter of 0.2|a, m between 5 and 50 m /g; for 
larger pore diameters even much smaller). Consequently, the development of high-
performance membrane adsorbers should proceed via an independent optimization 
of pore structure and surface layer functionality, providing a maximum number of 
binding sites with optimum accessibility. Surface functionalizations of suited 
porous membranes, mostly MF membranes or macroporous filter media, via 
'grafting-to' [193] or via 'grafting-from' [194] can be efficient approaches. A 
'tentacle' or 'brush' structure of the functional layer can be used for a significant 
increase of the binding capacity in comparison with binding on the plain pore wall. 
Finally, the chemistry of the functional layer determines the selectivity of the 
separation metal chelate [195], chiral recognition [196,197] or immunoaffinity 
[193,194,198]. 
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5. Catalytically Active Membrane 
The concept of the catalytic membrane reactor (CMR) is focused onto one of 
the most stimulating visions in reaction engineering, i.e. the integration of reaction 
and separation [199]. Excellent overviews on this rapidly developing field are 
available, either covering all types and configurations of CMR [200], or with a 
particular attention onto biocatalytic membrane reactors [201]. In the simplest type 
of a CMR, the membrane should only retain the catalyst in the reactor—the 
membrane is exclusively a barrier. An analysis of continuous reactor operation 
reveals that the retention of the catalyst should be very close to 100% in order to 
be economical [201-203]. 
6. Membrane in Sensor System 
A chemo- or biosensor is a system consisting of a receptor coupled with a 
transducer to a detector, thus enabling the conversion of a chemical signal— 
binding to the receptor—into a physical signal. Many technically established 
sensor systems or sensors in the research lab involve membranes, their structure 
may be rather diverse but they should fulfill at least one of the following main 
functions (often, synthetic membranes will combine all these functions): 
• barrier between the sensor system and its environment, allowing selective 
access (e.g. of the analyte only) to the receptor or/and protecting the 
receptor from disturbing influences of the environment; 
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• matrix for the immobilization of the receptor or/and tool for bringing it into 
proximity to the detector—if the transducer is a separate chemical species, 
the membrane is also the means to integrate the entire sensing system. 
Hence, it becomes clear, that many different membrane principles, barrier 
structures, transport mechanisms, and hence materials and their processing can be 
used to develop sensors systems. Special reviews can provide comprehensive 
insights into this diverse and dynamic field [204]. 
7. Membrane Potential 
Membrane potential that is defined as a potential difference arising between the 
solutions of an electrolyte with different concentrations at the constant 
temperature and pressure when they are separated by a uniform membrane with 
fixed ionizable groups [205]. At the interface between membrane and electrolyte 
solutions, the Donnan potential occurs due to the transfer of ions. Inside the 
membrane, the diffusion potential arises since ions would diffuse from the high 
concentration side to the low concentration side under a certain concentration 
gradient. Membrane potential is the summation of the Donnan potential and the 
diffusion potential, and it can be also named as the exclusion-diffusion potential 
[206]. Membrane potential can be measured directly by determining the electrical 
properties of a membrane or the activities of ions inside the membrane. 
The earlier theoretical studies on membrane potential were almost based on 
the TMS model and developed by Kobatake and co-workers [205,207,208] and 
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Lakshminarayanaiah and co-workers [209,21]. Kobatake and co-workers 
[205,207,208] derived an equation of membrane potential for uni-univalent 
electrolyte solutions and first proved that the derived equation agreed well with 
typical corresponding experimental data. Nikonenko et al. [210] investigated the 
influence of the 1-1 salt concentration, and the ratio of the diffusion boundary 
layers length and the counter-ions diffusion coefficient on the membrane potential 
of an ion-exchange membrane. The research work concluded that the membrane 
potential carried out numerically by the TMS model were similar to those obtained 
experimentally by Dammak if the salt concentration is less than 100 molm 
Lefebvre et al. [211] derived the general equations of the membrane potential, and 
the filtration potential of a charged membrane in an arbitrary electrolyte solution 
using an analytical approach. The group has limited their studies to the related 
aspects of the comparison of normalized filtration potential calculated numerically 
and analytically with no discussion on membrane potential [211]. The above 
analysis demonstrates that most studies of membrane potential evaluated by the 
TMS model have been emphasized with attention being given to the uni-univalent 
electrolytes. Nevertheless, there is not enough convincing theoretical investigation 
conceming the other kinds of electrolytes. It is worthwhile clarifying the fact that 
it the TMS model can be employed to evaluate membrane potential in multivalent 
electrolyte solutions [212]. 
In contact with external electrolyte solutions of low or moderate 
concentration the membrane excludes the co-ions (Donnan exclusion) by 
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electrostatic repulsion while the counter ions are admitted to the membrane and 
experience negligible resistance in passing from one solution to the other. At 
higher concentration, the Donnan exclusion becomes less effective and thus 
permselectivety gets reduced. The permselectivity [213] is reflected not only in the 
differences in permeability, but also in the electric potential difference which 
arises between the two solutions. 
In the absence of an electric field, the migration of as ionic species the 
membrane involves a transfer of electric charge due to the migration of ionic 
species and this charge transfer has be balanced by one or more other fluxes. The 
compensation of the fluxes is brought about by the electric potential gradient, 
called the diffusion potential, built up by the process of diffusion. These 
characteristics of the fluxes, the action of the diffusion in the membrane and the 
permselectivity for counter ions are the key to the understanding of diffusion 
phenomena in the membrane systems. 
When a membrane is between two solutions of the same electrolytes of 
different concentrations^ the membrane potential is called concentration potential. 
In such a concentration cell, the counter ions diffuse more rapidly than the coions, 
due to permselectivity resulting in a net transfer of electric charge. With cation 
selective membranes, the electric potential in the dilute solution is thus more 
positive than in the concentrated solution. With anion-selective membranes, the 
opposite is true. 
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The membrane potential in a bi-ionic cell, containing two electrolyte 
solutions AX and BX separated by a permselective membrane, is called bi-ionic 
potential. In this type of cell, inter-difflision of two counter ions A and B takes 
places within the membrane and the films [214]. The magnitude of electric 
potential difference (interdifflision potential) depends basically on the charge, sigh 
and the mobility ratio of the counter ions. The interdiffusion potential should not 
be taken equal to membrane potential because the latter also includes the Donnan 
potential which is dependent on the nature of the counter ion and the solution 
concentration. In case of cation selective membrane, the electric potential tends to 
be more positive in the solution of lower concentration or in solution that contains 
the counter ion of lower mobility, lower valence, or lower affinity for the 
membrane matrix. 
In the case of a multi-ionic cell, in which either one or both the solution(s), 
separated by the membrane, contain(s) more than one counter ion, the membrane 
potential is called the multi-ionic potential and magnitude of the latter depends 
primarily on the entire factor on which bi-ionic potential depends. 
8. Membrane Conductance 
Transport phenomena in membranes have been one of the most important 
branches of research activities during the last few decades because of the complex 
mechanism of ion permeation involved in different systems and in various 
environments. The investigations have utilized various techniques, different 
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methods and consequently have obtained different parameters to explain the 
mechanism of ion transport through specific membrane system. Electrochemical 
techniques have frequently been utilized for this purpose. 
Ion permeation in membranes is usually characterized by such measurable 
parameters as conductance, current-voltage relationship, ionic fluxes, impedance 
and membrane potentials. These parameters have been quite helpful in explaining 
the mechanism of ion transport in various membrane systems [213,215-217]. The 
measurement of the conductivity of membrane systems with conventional a.c. or 
d.c. methods, although straight forward, requires special attention due to some 
particular features not met within bulk electrolyte solutions. 
Absolute reaction rate theory provides a model of the transfer process 
envisioning diffusion as the "jumping" of solute molecules with associated 
activation energy, between the vacancies within the solvent lattice [218]. This 
theory has been further extended to predict the ratio of diffusivity in a dilute 
solution to its rate in pure bulk liquid. This approach allows the difference in 
activation energy to be related to the intermolecular distances between the 
molecules in solution. Thus, the diffusive behavior of a solute is seen to be 
dependent upon the spacing of the solution around it [219]. 
9. Concept of Ion Pairs in Membrane 
An ion pairing effects might be expected to be important in solid 
polyelectrolyte systems for the following reasons: (i) there is a locally large 
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concentration of membrane-fixed ions and a reduced availability of water is to 
provide for hydration of the internal ions relative to the dilute external electrolyte 
solution; (ii) the dielectric constant of the organic polymer chains where the 
membrane-fixed ions are attached is very low (also, the local dielectric constant of 
the oriented water in the primary hydration shell of ions takes values significantly 
lower than the bulk water value because of the dielectric saturation effect)[220]; 
(iii) counter ions and membrane fixed ions can be brought into mutual proximity 
because of the membrane architecture limitations, finite size hydrophilic clusters, 
etc. Ion pairing can also be important for non aqueous electrolyte solutions in 
charged membranes [221] and for liquid ion exchange membranes with mobile 
sites [222]. 
More recently, a four-state model for the hydration-mediated dissociation 
equilibrium between counter ions and fixed charge groups has been proposed and 
applied to Nafion membranes. The model is based on the assumption that a 
discrete set of well-specified states of ion-water complexes exits and leads to a 
theoretical expression for the membrane internal water activity [223]. 
10. Membrane Moq)hology 
10.1. Scanning Electron Microscopy 
The first SEM image was obtained by Max Knoll in 1935. Further pioneering 
work on the physical principles of the SEM and beam specimen interactions was 
performed by Manfred von Ardenne in 1937 that produced a British patent [224]. 
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The SEM was further developed by Professor Sir Charles Oatley and his 
postgraduate student Gary Stewart and was first marketed in 1965 by the 
Cambridge Instrument Company as the "Stereoscan" and the first instrument was 
delivered to DuPont. 
The world's highest SEM resolution is obtained with the Hitachi S-5500. 
Resolution is 0.4nm at 30kV and 1.6nm at IkV [Figure 1]. The combination of 
higher magnification, larger depth of focus, greater resolution, and ease of sample 
observation makes the SEM one of the most widely used instruments in research 
areas today [225,226]. The first commercial development of the Environmental 
SEM (ESEM) in the late 1980s [227] allowed samples to be observed in low-
pressure gaseous environments (e.g. 1-50 Torr) and high relative humidity (up to 
100%). The first commercial ESEMs were produced by the ElectroScan 
Corporation in USA in 1988. ElectroScan were later taken over by Philips (now 
FEI Company) in 1996. 
ESEM is especially useful for non-metallic and biological materials because 
coating with carbon or gold is unnecessary. Uncoated Plastics and Elastomers can 
be routinely examined, as can be uncoated biological samples. 
10.2. Transmission Electron Microscopy 
The first practical TEM Originally was installed at I.G Farben-Werke and now 
on a display at the Deutsches Museum in Munich, Germany. The most common 
mode of operation for a TEM utilizes bright field imaging, whereby the contrast 
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Figure 1 SEM micrographs of external surface (a, c, e and g) and cross-section (b, d, f and h) 
45 
formation, when considered classically, can be considered to be formed directly by 
occlusion. Thicker regions of the sample or regions with a higher atomic number 
will appear dark, whilst regions with no sample will appear bright [Figure 2]. 
An analytical TEM is the one equipped with detectors that can determine the 
elemental composition of the specimen by analyzing its X-ray spectrum or the 
energy-loss spectrum of the transmitted electrons. Modem research TEMs 
[228,229] may include aberration correctors, to reduce the amount of distortion in 
the image, allowing information on features on the scale of 0.1 nm to be obtained 
(resolutions down to 0.05 nm have been achieved) at magnifications of 50 million 
times. The TEM is used heavily in both material science/metallurgy and the 
biological sciences. In both cases the specimens must be very thin and able to 
withstand the high vacuum present inside the instrument [Figure 3]. 
10.3. Atomic Force Microscopy 
The atomic force microscope (AFM) or scanning force microscope (SFM) is a 
very high-resolution type of scanning probe microscope, with demonstrated 
resolution of fractions of a nanometer, more than 1000 times better than the optical 
diffraction limit. The precursor to the AFM, the scanning tunneling microscope, 
was developed by Gerd Binnig and Heinrich Rohrer in the early 1980s, a 
development that earned them Nobel Prize in Physics in 1986. Binnig, Quate and 
Gerber invented the first AFM in 1986. The AFM is one of the foremost tools for 
imaging, measuring and manipulating matter at the nanoscale. The atom at the 
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Figure 2 Transmission Electron Micrograph of a cobalt catalyst (darker spots) 
supported on coal carbonized at 850 °C and added by ion-exchange technique 
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Figure 3 TEM image of a titania film composed of 3 layers and crystallized at 
650°C. 
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apex of the tip "senses" individual atoms on the underlying surface when it forms 
incipient chemical bonds with each atom. Because these chemical interactions 
subtly alter the tip's vibration frequency, they can be detected and mapped. AFM 
is an excellent tool to study the topography of the membrane skin layer [230,231]. 
An AFM consists of an extremely sharp tip mounted to the end of a tiny cantilever 
spring, which is moved by a mechanical scanner over the surface to be observed. 
Every variation of the surface height varies the force acting on the tip and 
therefore varies the bending of the cantilever. This bending is measured and 
recorded line by line. The image is then reconstructed by computer software 
associated with the AFM. An AFM can be used to measure pore size and pore size 
distribution of some membranes [232-236]. One of the greatest advantages of 
AFM over traditional techniques such as optical and electron microscopes (SEM, 
TEM), is that the AFM directly produces three dimensional images [Figure 4], 
whereas traditional microscopes measure only two dimensional images. 
10.4. Comparison of Techniques 
• SEM has difficulty in resolving the feature due to the subtle variations in 
height [Figure 5] 
• On most thin films, the SEM and AFM produce a similar representation of 
the Surface. But they differ in the other types of information. 
1. AFM provides with roughness with height. 
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Figure 4 AFM image taken at the bottom of a deep trench 
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Figure 5 TM-AFM image of 0.14 nm monoatomic steps on epitaxial silicon 
deposited on (100) Si. 1 ^ im scan, RMS=0.07 nm 
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2. SEM provides a large view area. 
• In the SEM image, it can be sometimes difficult to determine whether the 
feature is sloping up or down 
• SEM provides measuring the undercuts of these lines 
• With AFM one can measure the structure nondestructively, but without 
details on the sides. 
• SEM has a large depth of field: Ability to image very rough surfaces 
• SEM is conducted in a vacuum environment. 
• AFM is conducted in vacuum, gas, liquid, vapor, and in an ambient 
environment. 
Although SEM and AFM appear very different, they share a number of similarities 
• Both techniques raster a probe across the surface 
• Both techniques can produce artifacts. 
• AFM can provide measurements in all three dimensions, with a vertical 
resolution of <0.05 nm dimensions. 
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Introduction 
Composite materials formed by mixing organic polymers and inorganic particles; 
possess all the good properties of both the constituents and an enhanced utility 
thereof. The combination of organic and inorganic precursors yields hybrid 
materials that have mechanical properties not present in the pure materials. The 
organic group can be reactive which implies that it is able to form an organic 
network as well as inorganic network. In designing composite materials scientists 
and engineers have ingeniously combined various metals, ceramics, and polymers 
to produce a new generation of extraordinary materials that encompass a wide 
variety of applications. Most composites have been created to improve 
combination of mechanical characteristics such as stiffness, toughness, and 
ambient and high temperature strength. Of particular interest is the molecular level 
combination of two different components that may lead to new composite 
materials that are expected to provide many possibilities termed 'organic inorganic 
hybrid' materials. 
This type of hybrid composites prepared with electrically conducting polymers 
have emerged as fascinating materials due to a wide range of other desirable 
properties such as architectural flexibility, environmental stability, ease of 
fabrication, light weight, mechanical property and so on. Therefore, these 
materials are finding applications from coating to lubricants to solid-state 
technology to biotechnology. Conducting polymers possess good tuneable 
electrical conductivity and are organic electro chromic materials with chemically 
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active surface [1,2]. But they are chemically sensitive and have poor mechanical 
properties and thus pose a processibility problem. On the other hand, inorganic 
oxides or metal acid salts show the presence of more sites for surface reactivity 
and are highly porous in sol form. The metal oxides constitute a class of 
compounds widely used as cathode material in Li-ion batteries [3]. They also have 
good mechanical properties and are good dispersants too [4]. Thus composite 
materials formed through the incorporation of inorganic materials and organic 
polymers are attracted for the purpose of creating high performance or high 
functional polymeric materials. Recently, several groups have combined 
conductive polymers with metal oxides to generate hybrid composites that possess 
higher reversible capacity, redox cyclability and structural stability [5,6]. The 
properties of composites of such kind are strongly dependent on concentration of 
polymer. Polystyrene, one of the conducting polymers, has received lot of 
attention in the preparation of composites due to its high stability in conducting 
oxidized form [7,8]. 
The synthesis of polymeric-inorganic composite has received a great deal of 
attention because it provided new material with special mechanical, chemical, 
electrochemical, and optical as well as magnetic properties. In literature, various 
methods of preparing these hybrid materials have been reported [9,10]. The 
conversion of inorganic ion-exchangers has been taking place into composite ion 
exchange materials is the latest development in this discipline. These materials are 
used in the general areas of chemical sensors, chromatography, fabrication of 
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selective materials, and electrical and electronic applications. Efforts have been 
made to improve the chemical, mechanical and thermal stabilities of ion-
exchangers and to make them high selective for certain heavy metal ions. 
Inorganic precipitate ion-exchanger based on organic polymeric matrix must be an 
interesting material, as it should possess the mechanical stability due to the 
presence of organic polymeric species and the basic characteristics of an inorganic 
ion-exchanger regarding its selectivity towards some particular metal ions. 
In this paper, the evaluation of thermodynamically charge density of 
membrane, which is an important characteristic governing the membrane 
phenomena is described. 
The methods used for the determination of charge densities are based on the 
equations for membrane potential developed recently by TMS [U] and Kobatake 
[12]. The selective membrane behavior has been explained in terms of 
thermodynamic activation parameters evaluated by utilizing the theory of absolute 
reaction rates. 
Theory 
Fixed charge theory of Teorell-Meyer-Sievers 
In the TMS theory there is an equilibrium process at each solution membrane 
interface which has a formal analogy with the Donnan equilibrium. The 
assumptions made are (a) the cation and anion mobilities and fixed charge 
concentration are constant throughout the membrane phase and are independent of 
the salt concentration and (b) the transference of water may be neglected. The 
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implications of these assumptions have been discussed [13]. Further assumption 
must be made that the activity coefficient of the salt is the same in the membrane 
and solution phase at each interface. The introduction of activities for 
concentrations can only be correctly made for the Donnan potential using either 
the integration of Planck or Henderson. 
According to TMS theory, the membrane potential h<t) (applicable to a highly 
idealized system) is given by the equation at 25° C 
^(j) = 59.2 , C,44cf+D'+D _ , yl4C',+D' +DU log .— _ —— + U log ", ===—zzzz 
C, ^4Cl +D^ +D ^4C^ +D^ +DU 
(1) 
where u and v are the ionic mobilities of cation and anion (m^/v/s) 
respectively, in the membrane phase, C, and Cj are the concentrations of the 
membrane and D is the charge on the membrane expressed in equivalent per litre. 
The graphical method of TMS determines the fixed charge Din 
equivalents/litre and the cation-to-anion mobility ratio in the membrane phase. 
Kobatake Method 
The system considered is composed of an ionizable membrane of uniform 
thickness which separates two bulk solutions of a uni-univalent electrolyte of 
concentrations C, and Cj. It is assumed that the system is isothermal and no 
pressure head is applied across the membrane. The ionizable groups are fixed on 
the polymer network which constitutes the given membrane. The expression for 
the membrane potential is given by 
74 
- # P C, 
/ 1 ^\^Cj+ape 
c, + ape 1 + 2a In (2) 
where 
or = 
w + v 
V " 7 
and parameters have been assumed to be independent of sah concentration. 
Kobatake have derived two useful Umiting forms of equation (2). These are (a) 
when Cj becomes sufficiently small with y fixed equation may be expanded to 
give 
1 7 I = —In/ 
' P apr 
-If. 1 1 + 2a 
P e 
(3: 
where \t^(j>\ is the absolute value of a reduced membrane potential defined by 
Kl = RT (4) 
(b) It has also been shown by Kobatake that at a fixed ^ the inverse of an apparent 
transport number t_^^^ for the co-ion species in a negatively charged membrane is 
proportional to the inverse of the concentration Cj in the region of high salt 
concentration. t_^pp is defined by the relation 
v| = (l-2/_.,Jln/ (51 
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The derived transport number value has been called the apparent number i.e. 
t_„ because in this type of measurement water transport has not been taken into 
account. This apparent value will be close to the true value, when dilute solutions 
are used. Substituting for A(/> from equation (2) and expanding the resulting 
expression for l//.^ ^^ in powers of 1 /Cj gives 
^ n \ {\ + J3-2aj3) i e 
• + ^ - ^ . . Q? 
t-.np 0 - « ) 2{\-ay\ny \C,j 
+ (6) 
Experimental 
Preparation of membrane 
Nickel arsenate precipitate was prepared by mixing 0.2M nickel (II) chloride (Otto 
Kemi, India with purity of 99.989%) with 0.2M sodium arsenate (E. Merck, India 
with purity of 99.90%) solutions. The precipitate was well washed with deionized 
water (Water purification systems, 'Integrate, whose RO conductivity 0-200|xs/cm 
and UP resistivity 1-18.3 M Q-CM) to remove free electrolyte and then dried and 
powdered. Membrane using suitable ratio of binder was prepared by the method 
used [14]. The precipitate having ion-exchange property was mixed with 
polystyrene (Otto Kemi, India, AR) granules of the size less than 200 meshes and 
pressed under suitable conditions of temperature and pressure for nickel arsenate 
200 °C and lOMPa. Our effort has been to get the membrane of adequate chemical 
and mechanically stability. Thus, the membranes prepared by embedding 25% 
polystyrene were mechanically most stable and gave reproducible results. Those 
containing larger amount (>25%) of polystyrene did not give reproducible results. 
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while those containing lesser amount (<25%) were unstable. The membranes were 
subject to microscopic and electrochemical examinations for cracks and 
homogeneity of the surface and only those which had smooth surface and 
generated reproducible potentials were considered by carefully controlling the 
condition of fabrication. 
Measurement of membrane potential 
Membrane was cemented in Pyrex glass tube cell for measuring membrane 
potential. The half cell contained 25 ml of electrolyte solutions although the 
capacity of each of the half cells holding the membrane was about 35 ml. The 
various salt solutions (chlorides of K ,^ Na^, and Li"*^ ) were prepared from B.D.H 
(A.R.) grade chemicals using deionized water. Saturated calomel electrodes were 
connected to a galvanometer (Osaw, spot reflecting galvanometer, Cat. No. 
30241). The solutions in both the compartments were vigorously stirred by 
magnetic stirrers at constant 500 rpm to minimize the effect of boundary layers on 
potential [15]. The potential difference across the membrane was measured with 
the help of an Osaw Vernier Potentiometer (Cat. No. 30071), the concentration 
ratio ' - 2 was maintained at 10 throughout the experiment. The pressure and 
temperature were kept constant throughout the experiment. The electrochemical 
setup used for uni-ionic potential and membrane potential measurements may be 
represented as 
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SCE Solution Membrane 
Diffusion potential 
Solution i SCE 
Donnan potential Donnan potential 
Measurement of membrane conductance 
The electric conductance of the membrane was measured by the method used [16]. 
The membrane was sealed between two Pyrex glasses half cells. The half cells 
were first filled with electrolyte solutions of known concentration to equilibrate 
the membrane, and then the latter was replaced by purified mercury without 
removing the adhering surface liquid. Platinum electrodes dipping into mercury 
were used to established electrical contact. The membrane conductance was 
monitored on a direct reading conductivity meter (Model No L303). The solufions 
in both the compartments were vigorously stirred by magnetic stirrers at constant 
500 rpm to minimize the effect of boundary layers on potential. The whole cells 
assembly was kept immersed in a water thermostat maintained at the required 
temperatures (10°C to SOT). 
Characterization of membrane 
The pre-requisite for understanding the performance of an ion-exchange 
membrane is its complete physico-chemical characterization, which involves the 
determination of all such parameters that affects its electrochemical properties. 
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These parameters are membrane water content, porosity, thickness and swelling 
etc. and these were determined as described elsewhere [17]. 
Water content (%total wet weight) 
The conditional membrane was first soaked in water to diffusible salt, blotted 
quickly with Whatmann filter paper to remove surface moisture and immediately 
weighted. These were further dried to a constant weight in a vacuum over P2O5 for 
24h. The water content (total wet weight) was calculated as: 
% Total wet weight I K ) xlOO 
where W^ is the weight of the soaked / wet membrane and Wj the weight of the 
dry membrane. 
Porosity 
Porosity was determined as the volume of water incorporation in the cavities per 
unit membrane volume from the water content data: 
(\Y -W ^ 
Porosity = —^ 
I ^Lp^ ) 
where W^ is the weight of the dry membrane, A the area of the membrane, L the 
thickness of the membrane and p^ is the density of water. 
Thickness 
The thickness of the membrane was measured by taking the average thickness of 
the membrane by using screw gauze. 
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Swelling 
Swelling is measured as the difference between the average thickness of the 
membrane equilibrated with IM NaCl for 24 h and the dry membrane. 
Chemical stability 
Chemical stability was evaluated on the basis of ASTM D543-95 method. 
Membrane was exposed to several media commonly utilized. Membrane was 
evaluated after 24, 48 and 168 h, analyzing alteration in color, texture, brightness, 
decomposition, splits, holes, bubbles, curving and stickiness [18]. 
SEM investigation of membrane morphology 
Scanning Electron Microscope image was used to confirm the microstructure of 
fabricated porous membrane. The membrane morphology was investigated by Leo 
4352 at an accelerating voltage of 20 kV. Sample was mounted on a copper stub 
and sputter coated with gold to minimize the charging. 
Results and discussion 
The results of thickness, swelling, porosity and water content capacity of nickel 
arsenate membrane are summarized in table 1 .The water content of a membrane 
depends on the water vapor pressure of the surroundings. Knowledge of the pore 
size distribution and the water structure in a membrane might contribute to classify 
a special membrane resembling a solution-diffusion, a fme-porous, or a coarse-
porous membrane [19]. In case of most of the transport measurements, only the 
membrane water content at saturation is needed, and that mostly as a function of 
solute concentration. Thus, low order of water content, swelling and porosity with 
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Table 1 Characterization of Nickel arsenate membrane 
Thickness of the Water Content as % Porosity Swelling of % weight 
Membrane (cm) weight of wet membrane wet membrane 
0.075 0.038 0.057 No Swelling 
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less thickness of this membrane suggests that interstices are negligible and 
diffusion across the membrane would occur mainly through exchange sites. 
Membrane was tested for chemical resistance in acidic, alkaline and strongly 
oxidant media. In acidic (IM H2SO4) and in alkaline media (IM NaOH) few 
significant modifications were observed after 24, 48 and 168 h, demonstrating that 
the membrane is effective in such media. However, in strong oxidant media the 
synthesized membrane became fragile in 48 h and membrane was broken after 168 
h, losing mechanical resistance. The nickel arsenate membrane using polystyrene 
as a binder was prepared by sol-gel process. The polystyrene was selected because 
its cross linked rigid framework provides adequate adhesion to the nickel arsenate 
which accounts for the mechanical stability to the membrane. Polystyrene based 
nickel arsenate membrane is better than a conventional membrane which degrades 
under harsh conditions and often encountered in industrial settings. Therefore, it is 
efficient, cost-effective material having solvent resistance and thermal resistance 
characteristics [20]. 
The characterization of membrane morphology has been studied by a number of 
investigators using scanning electron microscopy [21,22]. The composite pore 
structure, micro/ macro porosity, homogeneity, thickness, cracks and surface 
texture/morphology have been studied [23,24]. The cross-section of SEM 
micrograph of the surface is shown in figure 1. Membrane cross-section thickness 
was estimated to be around 30|im as observed in figure 1. Membrane had random 
non-preferential orientation with no visible cracks and appeared to be composed of 
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Figure 1 Cross-section SEM image of Polystyrene-based (25%) Nickel arsenate 
membrane 
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dense and loose aggregation of small particles. The membrane is macroscopically 
uniform in thickness and is porous in nature. The pores are modeled as uniform 
capillaries that extend throughout the membrane. These pores are evenly 
distributed throughout the surface of the membrane. Entrance and exit effects are 
ignored since the membrane thickness is large compared to the pore radius. 
However, the thickness is still large compared to the pore radius and it is assumed 
that the membrane and adjacent solution (interfaces) are in equilibrium. The 
distributions of charge density and mobile species within the pores are assumed to 
be uniform [25]. 
The values of observed membrane potential for the nickel arsenate membrane 
in contact with various 1:1 electrolyte solutions at 25 ± 1°C are given in table 2. 
The values for the membrane potential are of the order of positive mV and 
decrease with an increase of external electrolytes concentration. This shows that 
the membrane is negatively charged (cation selective) and the selectivity increases 
with dilution. The selectivity character of ion-exchange membrane with (1:1), 
(2:1) and (3:1) electrolytes has been reported [26,27]. In the case of (2:1) and (3:1) 
electrolytes, A(f) changes reverse sign (+ve to -ve). This indicates that the 
membrane has become anion selective. The change in the selectivity character of 
the membrane is evidently due to the adsorption of multivalent ions leading to a 
state where net positive charge left on the membrane surface making anion 
selective. Inorganic precipitate membrane was found to have the ability to 
generate potentials, when interposed between electrolyte solutions of different 
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Table 2 Observed membranes potentials A^ in mV across the Nickel arsenate 
membrane in contact with various 1:1 electrolytes at different concentrations at 
25±1°C 
Nickel Arsenate 
blectrolyte 
Concentration (mol/I) 
10x10''/1x10"' 
1x10-'/1x10'^ 
7x10-^/7x10'^ 
5x10-^/5x10"^ 
2x10"^/2x10"^ 
lxl0"Vlxl0"^ 
RUi 
5.8 
8.7 
19.5 
24.2 
32.2 
36.5 
NaCl LiCl 
4.9 
7.8 
13.5 
20.1 
26.3 
30.2 
3.5 
6.4 
12.5 
18.6 
22.4 
28.5 
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concentrations due to the presence of a net charge on the membrane. Such charges 
play an important role in the sorption and transport of simple electrolytes in 
artificial as well as natural membranes [28], and impart some important 
electrochemical properties to the membrane, the most important being the 
differences in the permeabilities of co-ions, counter ions and neutral molecules. 
The quantity of charge required to generate the potentials, especially when dilute 
solution are used, is small. This of course, is dependent on the porosity of the 
membrane. In case the membrane pores are wide, any amount of charge on the 
membrane does little to generate good potentials. On the other hand, if the pores 
are narrow, a little amount of charge can give rise to good potential values. Hence, 
a detailed investigation of the mechanism of transport of simple electrolytes 
through a charged membrane seems to be incomplete without the evaluation of the 
thermodynamically effective fixed charge density of the membrane. The former 
can be evaluated by making uses of an equation derived on the basis of 
thermodynamics of irreversible processes. This approach employs a 
phenomenological coefficient to correlate the gradients that exits across a 
membrane and their resulting fluxes. 
The membrane potential data obtained with nickel arsenate membrane using 
various 1:1 electrolytes are plotted as a function of -logC2 with the ratio y fixed 
at 10. This plot is shown in figure 2. 
The set of curves in figure 3 are the theoretical membrane potentials for a 
cation selective membrane, which is calculated from equation (1). The difference 
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-logCj (mol/l) 
Figure 2 Plots of membrane potentials against -logC2 for Nickel arsenate 
membrane using various 1:1 electrolytes 
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Figure 3 Plots of membrane potentials vs. -logC2 for Nickel arsenate membrane. 
Smooth curves are the theoretical concentration potentials for different mobility 
ratio. Broken line is the experimental values of membrane potential for different 
concentration of KCl solution. 
, with a constant value of D is unity 
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curves are for different mobility ratios ^ 
expressed in equivalent/litre. The experimental Acj) values for titanium arsenate 
membrane with KCI electrolyte were plotted in the same graph as a function 
of- logC2. The experimental curve was shifted horizontally and ran parallel to one 
of the theoretical curves. This shift gave log D, and the parallel theoretical curve 
gave the value for mobility ratio ^ with the membrane phase. The values of 
Dand fu^ 
K^J 
derived in this way for the membrane and various 1:1 electrolytes are 
given in table 3. Thus, the order of fixed charge density for electrolytes used was 
found to be KCI > NaCl > LiCl. 
Equation (3) indicates that a value of /? and a relation between cc and 6 can be 
obtained by evaluation of the intercept and the initial slope of a plot of \A(/>^\ 
against Cj which is shown in figure 4. The value of intercept is equal to l//?in/ 
from which /3 is evaluated. Values are given in table 4. 
Equation (6) indicate that the intercept of a plot of l/r,^ ^^  against l/C^ai fixed 
gallows the value of or to be determined. Plots of l/z.^ ^^  against l/Cj for various 
uni-univalent electrolytes are shown in figure 5.The value of intercept is equal to 
l/(l - a), from which a may be evaluated. Values are given in table 4. If this value 
of a is inserted in the relation obtained from the inifial slope for \A^^\ againstC2, 
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Table 3 Values of the thermodynamically charge density of Nickel arsenate 
membrane- electrolyte systems evaluated by various theories 
Electrolyte TMS Kobatake 
£)(eq/l) e. 9. 
KCI 
NaCl 
LiCl 
1.22 
1.17 
1.13 
0.049 
0.034 
0.030 
0.043 
0.026 
0.022 
0.054 
0.040 
0.033 
90 
C, (mol/l) 
010 
Figure 4 Plots of {A^^l against C2 for Nickel arsenate membrane using various 1:1 
electrolytes 
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Table 4 Values of parameters a and p for Nickel arsenate membrane- electrolyte 
system 
Electrolyte Nickel Arsenate 
a p 
KCl 0.55 1.58 
NaCl 0.54 1.90 
LiCl 0.53 2.02 
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Figure 5 Plots of 1/t.app against I/C2 for Nickel arsenate membrane using various 
1:1 electrolytes 
93 
the desired value for 0^ can be determined. Once a and /? are known in the 
manner described above, the values of 9^ may be evaluated from the initial slope 
forl/r.,^^ against l / Q . 
Kobatake has suggested that provided his equation for the membrane potential 
is correct, then the tv^o values of 0 i.e. 0^ and 0^ thus determined from the 
opposite limits should agree with one another. The values are given in table 3 
which are closed together thereby confirming the applicability of Kobatake's 
equation to these systems. 
We have seen that the charge density is higher in the region of low 
concentrations {0j) than in high concentrations {9^) because the ionic atmosphere 
around fixed charges in the formal case is large compared with the later case. On 
the other hand, the charge density in the case of KCl is higher than in NaCl due to 
the size factor (the smaller size, the larger ionic atmosphere). 
Inorganic membrane has the ability to generate potential [29,30]. When an 
ionic gradient is maintained using two solutions of different concentrations of 
same electrolyte on either side of the membrane, diffusion of electrolytes from the 
region of higher to lower concentration and flow of water in the opposite direction 
take place. In fact, the mobile species penetrate the membrane at different 
magnitude and various transport phenomena, including the development of 
potential across it, are induced into the system. 
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The TMS equation (1) can also be expressed by the sum of Donnan 
potential A<z)^ „ between membrane surfaces and external solutions and the 
diffusion potential A<z>^,^  within the membrane [31,32]. 
RT 67-1 
F^F^ + 1 
f(7^ 
xln 
(6J + 1)Q,+(F,/Fjg 
(a7 + l)C,,+(F,/FjD 
(7) 
(8) 
The R, T and F have their usual significance; f^ and /I are the mean ionic activity 
_ u 
coefficients; y^ = — is the mobility ratio of the cation to the anion in the membrane 
V 
phase and C,^  and Cj^  are the cation concentrations in the membrane phase first 
and second, respectively. The cation concentration is given by the equation 
C, = F .DY fy^C^ 
2K + k J ^ J 
' VB 
2F (9) 
Here V^ and V^ refer to the valency of cation and fixed-charge group on the 
membrane matrix, q is the charge effectiveness of the membrane and is defined by 
the equation 
q = 
Yi 
K. (10) 
where A:^  is the distribution coefficient. It is expressed as 
C. C.=C,-D (11 ) 
95 
where C, is the /th ion concentration in the membrane phase and C, is the /th ion 
concentration of the external solution. The transport properties of the membrane in 
various electrolyte solutions are important parameters to further investigate the 
membrane phenomena as shown in equation (12). 
(12) 
F 
t V 
(13) 
Equation (13) was first used to calculate the values of transport numbers/,, 
mobility ratio co =— and finally U as given in table 5. The values of mobility co 
V 
of the electrolytes in the membrane phase were found to be high at lower 
concentration of all the electrolytes (KCl, NaCl and LiCl). Further increase in 
concentration of the electrolytes led to a sharp drop in the values of c5 as given in 
table 5. The high mobility is attributed to higher transport number of 
comparatively free cations of electrolytes and also be similar trend as the mobility 
in least concentrated solution. The values of the parameters ^^, q and C^  derived 
for the system have also been included in table 5. The values of ^^^ were the usual 
charted values for electrolytes. Using equation (11) it was found that the values of 
distribution coefficients increased at lower concentration of electrolytes. As the 
concentration of electrolytes increased, the values of distribution coefficients 
sharply dropped and, thereafter, a stable trend was observed as shown in table 5. 
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Table 5 The calculated values of the parameters r ,^ ^  ,o) ,K^, ^, and C\ of Nickel 
arsenate membrane with different concentration of electrolytes using eq. (12) and 
eq. (9)- ( l l ) 
C2(mol/l) /, 
KCl (Electrolyte) 
0.01 0.80 
0.02 0.77 
0.05 0.70 
0.07 0.66 
0.10 0.57 
1.00 0.55 
U 
0.60 
0.54 
0.40 
0.32 
0.14 
0.10 
CO 
4.00 
3.35 
2.33 
1.94 
1.33 
1.22 
^ ± 
3.90 
1.45 
0.02 
0.30 
0.51 
0.97 
9 
0.67 
0.80 
6.49 
1.64 
1.23 
0.80 
c\ 
0.0024 
0.0034 
0.0058 
0.0076 
0.0411 
0.7234 
NaCl 
0.01 
0.02 
0.05 
0.07 
O.IO 
1.00 
0.75 
0.72 
0.67 
0.61 
0.57 
0.54 
0.50 
0.44 
0.34 
0.22 
0.14 
0.08 
3.00 
2.57 
2.03 
1.56 
1.33 
1.17 
2.40 
0.70 
0.32 
0.51 
0.66 
0.96 
0.61 
1.12 
1.62 
1.23 
1.08 
0.79 
0.0021 
0.0024 
0.0062 
0.0169 
0.0366 
0.7158 
LiCl 
0.01 
0.02 
0.05 
0.07 
0.10 
1.00 
0.74 
0.69 
0.66 
0.60 
0.55 
0.53 
0.48 
0.38 
0.32 
0.20 
0.10 
0.06 
2.85 
2.23 
1.94 
1.50 
1.22 
1.13 
2.00 
0.50 
0.40 
0.57 
0.70 
0.96 
0.48 
1.33 
1.45 
1.19 
1.05 
0.79 
0.0020 
0.0019 
0.0086 
0.0203 
0.0410 
0.6876 
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The large deviation in the value of K^ at the lower concentration of electrolytes 
was attributed to the high mobility of comparatively free charges of the strong 
electrolyte and thus, reached into the membrane phase easily compared to higher 
concentrated electrolytes solution. 
The charge effectiveness <?, values for LiCl are the smallest of the 
electrolytes used in this study and order is KCl > NaCl > LiCl. The counter-ions 
Cr, is the same for all the electrolyte used therefore, the variation of charge 
effectiveness values are possibly due to increase in adsorption of co-ions on 
charged membrane [33,34]. 
When a permselective membrane happens to be in between the solutions of 
electrolytes of different concentrations, a steady electromotive force (e.m.O 
develops due to difference in the relative permeabilities of various ionic species. 
This e.m.f, usually called the membrane potential, depends on the properties of the 
membrane and has been the subject of many theoretical and experimental studies. 
TMS theory and its modifications are inadequate to explain experimental results 
on non-ideal permselective membrane. 
The perm selectivity [29] is a measure of the characteristic difference in the 
membrane of counter ions and co-ions and co-ions, which be expressed as 
P = 
1- / . (14) 
where t* is the counter-ion transport number through the membrane and t^, is the 
counter ion transport number in the solution phase. Thus, the permselectivity 
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arises due to the nature of the membrane for differentiating between co-ions and 
counter ions and is not a membrane constant. Permselectivity can be calculated 
from the equation (14). It can be seen from figure 6 that permeslectivity decreased 
with the increase in the concentration of the salt solution. This is inconformity 
with the expectation based on increased deswelling of the ion exchange membrane 
resulting in progressively lowered co-ion exclusion with increase in concentration. 
An ion exchange membrane undergoes swelling because of the osmotic intake 
of the solvent by the membrane network. This osmotic action depends on the 
solute concentration; it decrease with the increase in concentration [35] and as a 
result solvent uptake by the membrane matrix decreases leading to the deswelling 
of the membrane. Due of this membrane opermess increases accompanied by 
lowered exclusion of co-ions. Permselectivity of the membrane therefore 
decreases. Thus, even electrolyte concentration remains unchanged; a reduction in 
membrane permselectivity is expected with increase in the concentration of the 
solution. 
The values of observed membrane conductance for the nickel arsenate 
membrane in contact with various 1:1 electrolyte solutions at different temperature 
(10°C to 50°C) are given in table 6. The values for the membrane specific 
conductance are of the order of positive mQ"'cm"' and increase with an increase of 
external electrolytes concentration as well as temperature (10°C to 50°C) in all the 
cases. This type of variation can be explained in terms of increased obstruction of 
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Figure 6 Plots of Ps against log (Ci+C2)/2 for Nickel arsenate membrane using 
various 1:1 electrolytes 
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Table 6 Experimentally observed values of membrane conductance (m^''cm'') 
for various 1:1 electrolytes at different temperature (10 to 50) ± 0.1 °C 
Temperature (°C) 
KCl 
10 
20 
30 
40 
50 
NaCl 
10 
20 
30 
40 
50 
LiCl 
10 
20 
30 
40 
50 
0.1 
9.00 
9.45 
10.10 
10.75 
11.20 
8.45 
8.90 
9.40 
10.15 
10.95 
5.75 
6.35 
7.10 
7.90 
8.45 
Concentration (mol/1) 
0.07 
5.40 
6.70 
7.10 
7.50 
8.30 
4.15 
4.60 
5.25 
6.20 
7.10 
3.40 
3.80 
4.30 
4.70 
5.05 
0.05 
4.30 
4.80 
5.50 
6.05 
6.60 
3.50 
3.95 
5.70 
5.90 
6.40 
2.40 
2.90 
3.60 
4.25 
4.65 
0.02 
3.40 
3.60 
3.75 
4.10 
4.70 
2.70 
3.05 
4.50 
4.30 
3.80 
2.10 
2.50 
3.00 
3.50 
3.90 
0.01 
2.70 , 
2.95 
3.20 
3.50 
4.00 
2.50 
3.20 
3.80 
4.00 
4.40 
1.90 
2.30 
2.80 
3.35 
4.50 
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the membrane matrix and increased salt uptaice with an increase of external 
electrolyte concentration. 
An examination of table 6 shows that the specific conductance not only 
increases with an increase in the electrolyte concentration but also attains a 
maximum limiting value at higher concentrations. Such a trend has been observed 
in all the above electrolytic solutions. This may be attributed to a progressive 
accumulation of ionic species within the membrane. The tendency to attain a 
limiting value seems to be due to the fact that an electrically neutral pore, which is 
specific for a particular ion, is unlikely to contain more than one type of ion. 
Consequently, at high electrolyte concentration, the pore saturates and the 
conductance approaches a limiting value. The values of specific conductance of 
the electrolytes follow the sequence for the cations: 
K^> Na^ > Li^ 
The membrane specific conductance data obtained with nickel arsenate 
membrane using various 1:1 electrolytes at different temperature are plotted as a 
fiinction ofVc. This plot is shown in figure 7 for the KCl solutions. The 
remaining 2 plots (not shown here) based on the data contained in the table have 
also exhibited a similar behavior. The specific conductance of the membrane 
increases almost linearly with the square root of external electrolyte concentration. 
This behavior can be explained in terms of increased obstruction of the polymer 
matrix as diffusion pathways become more tortuous in concentrated solution. It is 
also observed that at higher concentration the uptake of salt by membrane is 
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Figure 7 Plots of specific conductance (mn''cm"') Vs square root of concentration 
for electrolytes at different temperature through Nickel arsenate membrane 
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higher which results in increased value of electrical conductance. These two 
opposing effects operate simultaneously at higher concentration as shown in figure 
7 and a state is reached when membrane conductance attains a maximum value 
[36]. 
In addition, the diffusion of ions depends upon the charge on the membrane and 
its porosity. The membrane porosity in relation to the size of the hydrated species 
diffusing through the membrane appears to determine the above sequence. Several 
probable structures of water molecules under the condition of a given temperature 
may play an important role in determining the size of the hydrated ions [37]. As 
the diffusion paths in the membrane become more difficult in aqueous solutions, 
the mobility of large hydrated ions gets impeded by the membrane framework and 
the interaction with the fixed charge groups on the membrane matrix. 
Consequently, the membrane pores reduce the conductance of small ions, which is 
much hydrated. This is in accord with the earlier reported significance of the 
factors like pore size, hydration, etc. [38,39]. 
In figure 8, specific conductance increases with increase in temperature T, due 
to the state of hydration which implies that the activation energy decreases. 
Table 7 shows that the activation energy decreases with increase in 
concentration of the bathing electrolyte solution and the sequence for energy of 
activation is 
Ea K^ > Ea Na ^> Ea Li^ 
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Figure 8 Arrhenius plots of specific conductance Vs 1/T 10 for 1:1 electrolytes 
through Nickel arsenate membrane 
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Table 7 Calculated values of Activation Parameters for 1:1 electrolytes through 
Nickel arsenate membrane 
Electrolytes 
KCl 
NaCI 
LiCI 
Conc.(mol/l) 
0.1 
0.01 
0.1 
0.01 
0.1 
0.01 
Ea (KJ/mole) 
9.57 
12.05 
7.66 
11.67 
5.73 
10.92 
AH*(KJ/mole) AG*(KJ/mole) 
7.12 
9.60 
5.2 
9.22 
3.28 
8.47 
69.73 
76.64 
68.09 
76.37 
66.56 
75.96 
-AS*(JK"'mor') 
213.68 
228.81 
214.64 
229.19 
215.98 
230.34 
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Table 8 shows that an increase of activation energy with an increase of 
crystallographic radius confirms the applicability of Kumins [40] arguments for 
polystyrene based inorganic precipitate membrane systems 
According to Eyring [41], the pores in the membranes may be considered as a 
sequence of energy barriers over which the ion has to jump in order to cross the 
barriers in the process of diffusion/transport of ions. 
On the basis of absolute reaction rate [41] 
AJ^X'^^U^^ (15) 
where A is the observed specific conductance, h the planck's constant, R 
the gas constant, N the Avogadro number, T the absolute temperature, AH* the 
enthalpy of activation and AS* the entropy of activation while the other terms 
have their usual meaning. 
The enthalpy and entropy of activation are related to the free energy of 
activation, AG*, by the Gibbs-Helmholtz equation 
AG* = AH*-TAS* (16) 
The enthalpy of activation is also related to the Arrhenius energy of 
activation. Eg, as 
Ea = AH* + RT (17) 
A plot of log versus — from experimental data, shown in Figure 9, RT 
RT T 
gives the value of AH* /R and AS*/R. AG* and Eg were obtained by using 
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Table 8 Relation between Crystallographic radius and activation energy of alkali 
chlorides 
Ion Crystallographic radii (A) Energy of activation 
(KJ/mole) 
r 1.33 9.57 
Na" 0.93 7.66 
Li^ 0.60 5.73 
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108 
-11.15 
-11.20 
-11.25 
^ -11.30 
-11.35 
-11.40 
in-xio'(K'') 
Figure 9 Plots of log Vs 1/T 10^  for 1:1 electrolytes through Nickel arsenate 
RT 
membrane 
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equations (16) and (17). The values of various kinetic activation parameters Eg, 
AH*, AG* and AS*derived for the diffusion of various electrolytes in membrane 
are given in table 7. The results indicate that the electrolyte permeation gives rise 
to a negative value of AS*. Amongst the ions of the same valence the order of AS* 
is as follows 
K^> Na^ > Li^ 
Thus, the negative values of AS* indicated electrolyte diffusion with partial 
immobilization in the membrane, the relative partial immobility increasing with 
increase in the valence of ions constituting the electrolyte [42]. 
According to Eyring [41], the values of AS* indicate the mechanism of flow, 
the large positive AS* is interpreted as reflecting bonds breaking, while low values 
indicate that permeation has taken place without bonds breaking. Negative AS* 
values are considered to indicate either formation of a covalent bond between the 
permeating species and the membrane material or that the permeation through the 
membrane may not be the rate determining step. 
Conclusions 
The membrane potentials of inorganic membrane were measured with uni-
univalent electrolyte (KCl, NaCl and LiCl) solution using saturated calomel 
electrodes. The membrane potential offered by electrolytes is in the order of 
KCl>NaCl> LiCl and the obtained data indicates that the behavior investigated 
membrane is cation selective. Fixed charge density is the central parameter 
governing transport phenomena in membrane and depends upon the feed 
composition. The fixed charge concept of TMS model for charged membrane is an 
appropriate starting point for the investigations of the actual mechanisms of ionic 
or molecular processes which occur in membrane phase. Table 3 shows that the 
values of the charge densities evaluated from the various procedures are not much 
different from each other and a slight difference in the value may be ascribed to 
the different graphical procedures adopted for the evaluation. From the data in 
table 7 it can be inferred that the larger ions face more difficulties in crossing the 
membrane than the smaller ones. Thus, it can be explained that the magnitudes of 
Eg, AH*and AG* must be higher for larger ions than the smaller ones. On the one 
hand, a high AS* value associated with the high value of Eg for diffusion may 
suggest the existence of either a large zone of activation or loosening of more 
chain segments of the membrane. On the other hand, low value of AS* implies 
either a small zone of activation or no loosening of the membrane structure upon 
permeation [42]. 
HI 
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Introduction 
Organic-inorganic composite, a new class of materials is attractive for the creating 
high performance or high functional polymeric behaviors that are expected to 
provide many possibilities. Composite can be used to modify organic polymeric 
material or to modify inorganic materials that exhibit very different properties 
from their original component. The inorganic ion-exchange materials besides other 
advantages are important in being more stable to high temperature and radiation 
field than the organic ones [1]. In order to obtain a combination of these 
advantages associated with polymeric and inorganic materials as ion-exchangers, 
attempts have been made to develop polymeric-inorganic composite ion-
exchangers by incorporation of organic monomers in the inorganic matrix [2]. An 
inorganic precipitate ion-exchanger based on organic polymeric matrix must be an 
interesting material, as it should possess the mechanical stability due to the 
presence of organic polymeric species and the basic characteristics of an inorganic 
ion-exchanger regarding its selectivity for some particular metal ions [3-5]. The 
basic applications of the ion-exchange membrane process are based on the Donnan 
membrane equilibrium principle and have been paid attention to solve two 
important environmental problems, for the recovery and enrichment of valuable 
ions, and the removal of undesirable ions from waste water [6]. 
In this paper we describe a series of electric potentials observed across 
titanium arsenate polystyrene based ion exchange membrane separating various 
1:1 electrolytes at different concentrations for the evaluation of effective fixed 
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charge density by various method namely those of (a) Teorell-Meyer-Sievers and 
(b) Kobatake. 
The transport numbers of ions, mobility, distribution coefficient, charge 
effectiveness, permselectivity and other parameters studies theory have also been 
carried out. To calculate the theoretical membrane potentials A^ at different 
electrolyte concentrations using the TMS theory [7,8] and Kobatake method to test 
the applicability of these developed equations for membrane potentials for the 
system under investigation. 
Various thermodynamics parameters, namely, energy of activation. Eg, free 
energy of activation, AG*, enthalpy of activation, AH*, entropy of activation, AS*, 
of the membrane-electrolyte system have been determined at different 
temperatures in order to understand the mechanism of ion transport through the 
membrane. The assembly used in the investigation provides data for various 
membrane parameters, with reasonable accuracy. 
Theory 
Fixed charge theory of Teorell-Meyer-Sievers 
In the TMS theory there is an equilibrium process at each solution membrane 
interface which has a formal analogy with the Donnan equilibrium. The 
assumptions made are (a) the cation and anion mobilities and fixed charge 
concentration are constant throughout the membrane phase and are independent of 
the salt concentration and (b) the transference of water may be neglected. The 
implications of these assumptions have been discussed [9]. Further assumption 
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must be made that the activity coefficient of the salt is the same in the membrane 
and solution phase at each interface. The introduction of activities for 
concentrations can only be correctly made for the Donnan potential using either 
the integration of Planck or Henderson. 
According to TMS theory, the membrane potential A<z> (applicable to a 
highly idealized system) is given by the equation at 25° C 
A<z> = 59.2 l o g ^ \ ' ^ - _ + ^ l o g ^ , ' _ -^rzz 
C, ^AC] +D^ +D yjAC^ +D^ +DU 
,U = u-v 
^U + Vj 
(1) 
where u and v are the ionic mobilities of cation and anion (m^/v/s) respectively, 
in the membrane phase, C, and C2 are the concentrations of the membrane and Dis 
the charge on the membrane expressed in equivalent per litre. 
The graphical method of TMS determines the fixed charge Din 
equivalents/litre and the cation-to-anion mobility ratio in the membrane phase. 
Kobatake Method 
The system considered is composed of an ionizable membrane of uniform 
thickness which separates two bulk solutions of a uni-univalent electrolyte of 
concentrations C, and C^ • It is assumed that the system is isothermal and no 
pressure head is applied across the membrane. The ionizable groups are fixed on 
the polymer network which constitutes the given membrane. The expression for 
the membrane potential is given by 
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A(z) = 
ys c, 
1H zor 
, y5 
In (2) 
where 
a = M + V , 
and parameters have been assumed to be independent of salt concentration. 
Kobatake [10] have derived two useful limiting forms of equation (2). These are 
(a) when Cj becomes sufficiently small with ;' fixed equation may be expanded to 
give 
I ^^ 1 y9 ^ apy{ p e (3) 
where IA^J is the absolute value of a reduced membrane potential defined by 
H\ = RT (4) 
(b) It has also been shown by Kobatake that at a fixed ;K the inverse of an apparent 
transport number /.^ ^^  for the co-ion species in a negatively charged membrane is 
proportional to the inverse of the concentration C^ in the region of high salt 
concentration, t^^^p is defined by the relation 
(5) 
The derived transport number value has been called the apparent number i.e. 
^-app because in this type of measurement water transport has not been taken into 
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account. This apparent value will be close to the true value, when dilute solutions 
are used. Substituting for A^ from equation (2) and expanding the resulting 
expression for l/^ .^ p^  in powers of 1 / C^  gives 
1 _ 1 ^(\^p-2ap)(e 
L,,, ( l - a ) 2{\-af\ny {c + (6) 2 y 
Experimental 
Preparation of membrane 
Titanium arsenate precipitate was prepared by mixing 0.2M titanium (III) chloride 
with 0.2M sodium arsenate solution. The precipitate was well washed with 
deionized water to remove free electrolyte and then dried and powdered. 
Membrane using suitable ratio of binder was prepared by the method used [11]. 
The precipitate having ion-exchange property was mixed with polystyrene 
granules of the size less than 200 meshes and pressed under suitable conditions of 
temperature and pressure for titanium arsenate 200 °C and 10 MPa. Our effort has 
been to get the membrane of adequate chemical and mechanically stability. Thus, 
the membranes prepared by embedding 25% polystyrene were mechanically most 
stable and gave reproducible results. Those containing larger amount (>25%) of 
polystyrene did not give reproducible results, while those containing lesser amount 
(<25%) were unstable. The membranes were subject to microscopic and 
electrochemical examinations for cracks and homogeneity of the surface and only 
those which had smooth surface and generated reproducible potentials were 
considered by carefully controlling the condition of fabrication. 
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Measurement of membrane potential 
Membrane was cemented in Pyrex glass tube cell for measuring membrane 
potential. The half cell contained 25 ml of electrolyte solutions although the 
capacity of each of the half cells holding the membrane was about 35 ml. The 
various sah solutions (chlorides of K ,^ Na^, and Li^) were prepared from B.D.H 
(A.R.) grade chemicals using deionized water. Saturated calomel electrodes were 
connected to a galvanometer (Osaw, spot reflecting galvanometer, Cat. No. 
30241). The solutions in both the compartments were vigorously stirred by 
magnetic stirrers at constant 500 rpm to minimize the effect of boundary layers on 
potential [12], The potential difference across the membrane was measured with 
the help of an Osaw Vernier Potentiometer (Cat. No. 30071), the concentration 
ratio 'cA 
c, 
was maintained at 10 throughout the experiment. The pressure and 
1 / 
temperature were kept constant throughout the experiment. The electrochemical 
setup used for uni-ionic potential and membrane potential measurements may be 
represented as 
SCE Solution Membrane 
C1 Diffusion potential 
Solution 
C, 
SCE 
Donnan potential Donnan potential 
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Measurement of membrane conductance 
The electric conductance of the membrane was measured by the method used [13]. 
The membrane was sealed between two Pyrex glasses half cells. The half cells 
were first filled with electrolyte solutions of known concentration to equilibrate 
the membrane, and then the latter was replaced by purified mercury without 
removing the adhering surface liquid. Platinum electrodes dipping into mercury 
were used to established electrical contact. The membrane conductance was 
monitored on a direct reading conductivity meter (Model No L303). The solutions 
in both the compartments were vigorously stirred by magnetic stirrers at constant 
500 rpm to minimize the effect of boundary layers on potential [12]. The whole 
cells assembly was kept immersed in a water thermostat maintained at the required 
temperatures (10°C to 50°C). 
Characterization of membrane 
The pre-requisite for understanding the performance of an ion-exchange 
membrane is its complete physico-chemical characterization, which involves the 
determination of all such parameters that affects its electrochemical properties. 
These parameters are membrane water content, porosity, thickness and swelling 
etc. and these were determined as described elsewhere [14] 
Water content (%total wet weight) 
The conditional membrane was first soaked in water to diffusible salt, blotted 
fluickly with Whatmann filter paper to remove surface moisture and immediately 
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weighted. These were further dried to a constant weight in a vacuum over P2O5 for 
24 h. The water content (total wet weight) was calculated as: 
% Total wet weight = xlOO 
where W^ is the weight of the soaked / wet membrane and W^ the weight of the 
dry membrane. 
Forosity 
Porosity was determined as the volume of water incorporation in the cavities per 
unit membrane volume from the water content data: 
Porosity ^W^-W,^ 
where W^ the weight of the dry membrane, A the area of the membrane, L the 
thickness of the membrane and p^ is the density of water. 
Thickness 
The thickness of the membrane was measured by taking the average thickness of 
the membrane by using screw gauze. 
Swelling 
Swelling is measured as the difference between the average thickness of the 
membrane equilibrated with IM NaCl for 24 h and the dry membrane. 
Chemical stability 
Chemical stability was evaluated on the basis of ASTM D543-95 method. 
Membrane was exposed to several media commonly utilized. Membrane was 
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evaluated after 24, 48 and 168 h, analyzing alteration in color, texture, brightness, 
decomposition, splits, holes, bubbles, curving and stickiness [15]. 
SEM investigation of membrane morphology 
Scanning Electron Microscope image was used to confirm the microstructure of 
fabricated porous membrane. The membrane morphology was investigated by Leo 
4352 at an accelerating voltage of 20 kV. Sample was mounted on a copper stub 
and sputter coated with gold to minimize the charging. 
Results and discussion 
The values of observed membrane potential for the titanium arsenate 
membrane in contact with various T.l electrolyte solutions at 25 ± 1°C are given in 
table 1. The values for the membrane potential are of the order of positive mV and 
decrease with an increase of external electrolytes concentration. This shows that 
the membrane is negatively charged (cation selective) and the selectivity increases 
with dilution due to structural changes produced in the electrical double layer at 
the solution membrane interface. The selectivity character of ion-exchange 
membrane with (1:1), (2:1) and (3:1) electrolytes has been reported [16,17]. In the 
case of (2:1) and (3:1) electrolytes, A^ changes reverse sign (+ve to -ve). This 
indicates that the membrane has become anion selective. The change in the 
selectivity character of the membrane is evidently due to the adsorption of 
multivalent ions leading to a state where net positive charge left on the membrane 
surface making anion selective .Inorganic precipitate membrane was found to have 
the ability to generate potentials [18,19], when interposed between electrolyte 
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Table 1 Observed membranes potentials ^<j> in mV across tlie Titanium arsenate 
membrane in contact with various 1:1 electrolytes at different concentrations at 
25±1°C 
Electrolyte Titanium Arsenate 
Concentration (mol/1) 
KCl NaCl LiCl 
lOxio-'/ixio-' 
IxlQ-VlxlO"^ 
7x10-^/7x10"^ 
5xlO-^/5xlO-^ 
2xl0"^/2xl0-3 
Ixl0"^/lxl0-^ 
14.2 
19.2 
27.6 
32.5 
36.2 
39.2 
10.5 
13.2 
20.5 
25.6 
30.2 
34.5 
9.3 
12.3 
18.5 
23.4 
28.2 
33.5 
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solutions of different concentrations due to the presence of a net charge on the 
membrane. Such charges play an important role in the sorption and transport of 
simple electrolytes in artificial as well as natural membranes [20], and impart 
some important electrochemical properties to the membrane, the most important 
being the differences in the permeabilities of co-ions, counter ions and neutral 
molecules. The quantity of charge required to generate the potentials, especially 
when dilute solution are used, is small. This of course, is dependent on the 
porosity of the membrane. In case the membrane pores are wide, any amount of 
charge on the membrane does little to generate good potentials. On the other hand, 
if the pores are narrow, a little amount of charge can give rise to good potential 
values. Hence, a detailed investigation of the mechanism of transport of simple 
electrolytes through a charged membrane seems to be incomplete without the 
evaluation of the thermodynamically effective fixed charge density of the 
membrane. The former can be evaluated by making uses of an equation derived on 
the basis of thermodynamics of irreversible processes. This approach employs a 
phenomenological coefficient to correlate the gradients that exits across a 
membrane and their resulting fluxes. 
The membrane potential data obtained with titanium arsenate membrane 
using various 1:1 electrolytes are plotted as a function of -logCj with the ratio y 
fixed at 10. This plot is shown in figure 1. 
The results of thickness, swelling, porosity and water content capacity of 
titanium arsenate membrane are summarized in table 2. The water content of a 
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-logCj (mol/l) 
Figure 1 Plots of membrane potentials against -JogC2 for titanium arsenate 
membrane using various 1:1 electrolytes 
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Table 2 Characterization of Titanium arsenate membrane 
Thickness of the membrane (cm) 0.075 
Water Content as % weight of wet membrane 0.074 
Porosity 0.113 
Swelling of %weight wet membrane No Swelling 
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membrane depends on the water vapor pressure of the surroundings. Knowledge 
of the pore size distribution and the water structure in a membrane might 
contribute to classify a special membrane resembling a solution-diffusion, a fine-
porous, or a coarse-porous membrane. In general membrane having the same 
chemical composition absorb same amount of water, where density ionizable 
groups are same throughout the membrane [21]. In case of most of the transport 
measurements, only the membrane water content at saturation is needed, and that 
mostly as a function of solute concentration. Thus, low order of water content, 
swelling and porosity with less thickness of this membrane suggests that 
interstices are negligible and diffusion across the membrane would occur mainly 
through exchange sites. Membrane was tested for chemical resistance in acidic, 
alkaline and strongly oxidant media. In acidic (IM H2SO4) and in alkaline media 
(IM NaOH) few significant modifications were observed after 24, 48 and 168 h, 
demonstrating that the membrane is effective in such media. However, in strong 
oxidant media the synthesized membrane became fragile in 48 h and membrane 
was broken after 168 h, losing mechanical resistance. 
The characterization of membrane morphology has been studied by a number 
of investigators using scanning electron microscopy [22,23]. The composite pore 
structure, micro/ macro porosity, homogeneity, thickness, cracks and surface 
texture/morphology have been studied [24,25]. The cross-section of SEM 
micrograph of the surface is shown in figure 2. Membrane cross-section thickness 
was estimated to be around BO^m as observed in figure 2. Membrane had random 
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Figure 2 Cross-section SEM image of Polystyrene-based (25%) Titanium arsenate 
membrane 
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non-preferential orientation with no visible cracks and appeared to be composed of 
dense and loose aggregation of small particles. The membrane is macroscopically 
uniform in thickness and is porous in nature. The pores are modeled as uniform 
capillaries that extend throughout the membrane. These pores are evenly 
distributed throughout the surface of the membrane. Entrance and exit effects are 
ignored since the membrane thickness is large compared to the pore radius. 
However, the thickness is still large compared to the pore radius and it is assumed 
that the membrane and adjacent solution (interfaces) are in equilibrium. The 
distributions of charge density and mobile species within the pores are assumed to 
be uniform [26]. 
The set of curves in figure 3 are the theoretical membrane potentials for a 
cation selective membrane, which is calculated from equation (1). The difference 
curves are for different mobility ratios — , with a constant value of D is unity 
expressed in equivalent/litre. The experimental A^ values for titanium arsenate 
membrane with KCI electrolyte were plotted in the same graph as a function 
of-logCj. The experimental curve was shifted horizontally and ran parallel to one 
of the theoretical curves. This shift gave log£), and the parallel theoretical curve 
gave the value for mobility ratio u 
v-^ y 
with the membrane phase. The values of 
Dand derived in this way for the membrane and various 1:1 electrolytes are 
v^y 
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-logC^(mol/l) 
Figure 3 Plots of membrane potentials vs. -logC2 for titanium arsenate membrane. 
Smooth curves are the theoretical concentration potentials for different mobility 
ratio. Broken line is the experimental values of membrane potential for different 
concentration of KCl solution 
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given in table 3. Thus, the order of fixed charge density for electrolytes used was 
found to be KCl > NaCl > LiCl. 
Equation (3) indicates that a value of fi and a relation between a and 0 can be 
obtained by evaluation of the intercept and the initial slope of a plot of \^(|)] 
against Cj which is shown in figure 4. The value of intercept is equal to Xjp\ny 
from which p is evaluated. Values are given in table 4. 
Equation (6) indicate that the intercept of a plot of yt^^^^ against 1 / C2 at fixed 
y allows the value of a to be determined. Plots of l/^ _opp against 1 / Cj for various 
uni-univalent electrolytes are shown in figure 5.The value of intercept is equal to 
1/(1 - a ) , fi"om which a may be evaluated. Values are given in table 4. If this value 
of a is inserted in the relation obtained from the initial slope for |A(^J against CJ , 
the desired value for 0^ can be determined. Once a and fi are known in the 
manner described above, the values of 6^ may be evaluated from the initial slope 
for l/^ _^ pp against I/C2. 
Kobatake has suggested that provided his equation for the membrane potential 
is correct, then the two values of 0 i.e. 0^ and 0j thus determined from the 
opposite limits should agree with one another. The values are given in table 3 
which are closed together thereby confirming the applicability of Kobatake's 
equation to these systems. 
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Table 3 Values of the thermodynamically charge density of Titanium arsenate 
membrane - electrolyte systems evaluated by various theories 
Electrolyte 
Concentration (mol/1) 
TMS 
^u^ 
V^J 
Z)(eq/1) 
Kobatake 
&,. e., 
KCl 
NaCl 
LiCl 
1.63 0.052 0.049 0.059 
1.44 0.045 0.039 0.048 
1.38 0.040 0.038 0.043 
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9" 
B 
< 
1.6-
1.4-
1.2-
1.0-
0.8-
0.6-J 
0.4-
• 
• 
A 
• r - ' — 1 ' I 
KCl 
NaCI 
LiCI 
1 • - r 1 1 1 
0.02 004 0.06 
C, (mol/l) 
0.08 0.10 
Figure 4 Plots of |A(|)r| against C2 for Titanium arsenate membrane using various 
1:1 electrolytes 
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Table 4 Values of parameters a and P for Titanium arsenate membrane-
electrolyte system 
Electrolyte Titanium Arsenate 
a 
KCl 0.62 1.47 
NaCl 0.60 1.67 
LiCl 0.58 1.72 
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40 60 
1/C,(mol/l) 
Figure 5 Plots of 1/t.app against I/C2 for Titanium arsenate membrane using 
various 1:1 electrolytes 
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We have seen that the charge density is higher in the region of low 
concentrations {0^ ) than in high concentrations (6'J because the ionic atmosphere 
around fixed charges in the formal case is large compared with than in the later 
case. On the other hand, the charge density in the case of KCl is higher than in 
NaCl case due to the size factor (the smaller size, the larger ionic atmosphere). 
The advantage of the determination of the potential between two solutions of 
different concentrations is that the tests are not obscured by concentration 
polarization effect at the membrane surface. When an ionic gradient is maintained 
using two solutions of different concentrations of same electrolyte on either side of 
the membrane, diffusion of electrolytes from the region of higher to lower 
concentration and flow of water in the opposite direction take place. In fact, the 
mobile species penetrate the membrane at different magnitude and various 
transport phenomena, including the development of potential across it, are induced 
into the system. The nature of fixed charge in the membrane matrix greatly 
influences the counter ion than co-ion as well as the transport phenomena. 
The TMS equation (1) can also be expressed by the sum of Donnan 
potential ^^CM, between membrane surfaces and external solutions and the 
diffusion potential A^^^ within the membrane [27,28]. 
^<t>n,=^<l>Don+^<l>m ( 7 ) 
y,F 
In 
RT . (ylCJCA RT co-\ , (^^ • '^ • ''' '^^^r.\ 
-xln (8) 
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The R, T and F have their usual significance; y'^ and yl are the mean ionic activity 
u . coefficients; co =— is the mobility ratio of the cation to the anion in the membrane 
V 
phase and C,^  and C^^ are the cation concentrations in the membrane phase first 
and second, respectively. The cation concentration is given by the equation 
C . = J -litl + l ^ -'-^ (9) 
v2Fw 2n 
Here F^  and V^ refer to the valency of cation and fixed-charge group on the 
membrane matrix, q is the charge effectiveness of the membrane and is defined by 
the equation 
where K^ is the distribution coefficient. It is expressed as 
K,=^, C,=C,-D (11) 
where C, is the ith ion concentration in the membrane phase and C, is the ith ion 
concentration of the external solution. The transport properties of the membrane in 
various electrolyte solutions are important parameters to further investigate the 
membrane phenomena as shown in equation (12). 
A^ = ^ ( / , - / _ ) l n ^ (12) 
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^ 4 (13) 
Equation (13) was first used to calculate the values of transport numbers/^, 
mobility ratio a =— and finally U as given in table 5. The values of mobility 67 
V 
of the electrolytes in the membrane phase were found to be high at lower 
concentration of all the electrolytes (KCl, NaCl and LiCl). Further increase in 
concentration of the electrolytes led to a sharp drop in the values of w as given in 
table 5. The high mobility is attributed to higher transport number of 
comparatively free cations of electrolytes and also be similar trend as the mobility 
in least concentrated solution. The values of the parameters K^, q and C^ derived 
for the system have also been included in table 5. The values of /^were the usual 
charted values for electrolytes. Using equation (11) it was found that the values of 
distribution coefficients increased at lower concentration of electrolytes. As the 
concentration of electrolytes increased, the values of distribution coefficients 
sharply dropped and, thereafter, a stable trend was observed as shown in table 5. 
The large deviation in the value of K^ at the lower concentration of electrolytes 
was attributed to the high mobility of comparatively free charges of the strong 
electrolyte and thus, reached into the membrane phase easily compared to higher 
concentrated electrolytes solution. 
The charge effectiveness ^, values for LiCl are the smallest of the 
electrolytes used in this study and order is KCl > NaCl > LiCl. The charge 
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Table 5 The calculated values of the parameterst^,U ,co ,K^, q, and C^ of 
Titanium arsenate membrane with different concentration of electrolytes using eq. 
(12) and eq. (9)-(11) 
C2(moyi) t^ U m K, q C, 
KCl (Electrolyte) 
0.01 0.83 
0.02 0.80 
0.05 0.77 
0.07 0.73 
0.10 0.66 
1.00 0.62 
0.66 
0.60 
0.54 
0.46 
0.32 
0.24 
4.88 
4.00 
3.35 
2.70 
1.94 
1.63 
4.20 
1.60 
0.04 
0.26 
0.48 
0.97 
0.55 
0.74 
4.59 
1.77 
1.27 
0.81 
0.0023 
0.0035 
0.0053 
0.0062 
0.0306 
0.7055 
NaCl 
0.01 
0.02 
0.05 
0.07 
0.10 
1.00 
0.79 
0.75 
0.71 
0.67 
0.61 
0.59 
0.58 
0.50 
0.42 
0.34 
0.22 
0.18 
'3.76 
2.00 
2.49 
2.03 
1.56 
1.44 
3.50 
1.25 
0.01 
0.36 
0.55 
0.96 
0.51 
0.84 
2.90 
1.50 
1.18 
0.80 
0.0023 
0.0032 
0.0052 
0.0057 
0.0262 
0.6967 
LiCl 
0.01 
0.02 
0.05 
0.07 
0.10 
1.00 
0.78 
0.74 
0.70 
0.65 
0.60 
0.58 
0.56 
0.48 
0.40 
0.30 
0.20 
0.16 
3.55 
2.85 
2.33 
1.86 
1.50 
1.38 
3.00 
1.00 
0.20 
0.43 
0.60 
0.95 
0.46 
0.94 
2.90 
1.37 
1.13 
0.79 
0.0022 
0.0028 
0.0050 
0.0056 
0.0208 
0.6842 
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effectiveness depends upon the hydration of the solute-solute interaction and ionic 
radii of the counter-ions. Structural hydration interaction model (SHI) based on the 
effect to account for many thermodynamic properties of small solutes in water. 
The counter-ions Cf, is the same for all the electrolyte used therefore, the 
variation of charge effectiveness values are possibly due to increase in adsorption 
of co-ions on charged membrane [29,30]. 
When a permselective membrane happens to be in between the solutions 
of electrolytes of different concentrations, a steady electromotive force (e.m.f) 
develops due to difference in the relative permeabilities of various ionic species. 
This e.m.f, usually called the membrane potential, depends on the properties of the 
membrane and has been the subject of many theoretical and experimental studies. 
TMS theory and its modifications are inadequate to explain experimental results 
on non-ideal permselective membrane. 
The perm selectivity [18] is a measure of the characteristic difference in the 
membrane of counter ions and co-ions, which be expressed as 
P, (14) 
where /+ is the counter-ion transport number through the membrane and /^, is the 
counter ion transport number in the solution phase. Thus, the permselectivity 
arises due to the nature of the membrane for differentiating between co-ions and 
counter ions and is not a membrane constant. An ideal permselectivity cation -
exchange membrane would transmit positively charge ions only. Permselectivity 
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can be calculated from the equation (14). It can be seen from figure 6 that 
permselectivity decreased with the increase in the concentration of the salt 
solution. This is inconformity with the expectation based on increased deswelling 
of the ion exchange membrane resulting in progressively lowered co-ion exclusion 
with increase in concentration. 
An ion exchange membrane undergoes swelling because of the osmotic 
intake of the solvent by the membrane network. This osmotic action depends on 
the solute concentration; it decrease with the increase in concentration [31] and as 
a result solvent uptake by the membrane matrix decreases leading to the 
deswelling of the membrane. Due to this increased membrane openness this is 
accompanied by lowered exclusion of co-ions and Permselectivity of the 
membrane therefore decreases. Thus, even when electrolyte concentration remains 
unchanged; a reduction in membrane permselectivity is expected with the increase 
in the concentration of the solution. 
Increase in concentration results in decreases in the magnitude of the counter 
ion transport number as expected because of deswelling of the membrane. 
The values of observed membrane conductance for the titanium arsenate 
membrane in contact with various 1:1 electrolyte solutions at different temperature 
(10°C to 50°C) are given in table 6. The values for the membrane specific 
conductance are of the order of positive m^''cm''. The overall behavior of 
specific conductance of 1:1 electrolytes as a function of concentration and 
temperature is displayed by taking one of the representative plots shown in figure 
143 
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-2.00 -1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0 25 
log(C,+Cj)/2 (mol/l) 
Figure 6 Plots of Ps against log (Ci+C2)/2 for Titanium arsenate membrane using 
various 1:1 electrolytes 
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Table 6 Experimentally observed values of membrane conductance (mCi.' cm" ) 
for various 1:1 electrolytes at different temperature (10 to 50) ± 0.1°C 
Temperature f C ) 
KCl 
10 
20 
30 
40 
50 
NaCl 
10 
20 
30 
40 
50 
LiCl 
10 
20 
30 
40 
50 
0.1 
8.25 
9.15 
9.95 
10.40 
10.90 
7.60 
8.05 
8.50 
9.20 
9.85 
6.70 
7.10 
7.50 
7.85 
8.20 
Concentration (mol/I) 
0.07 
4.0 
5.20 
5.70 
6.30 
7.10 
3.85 
4.30 
4.75 
5.25 
6.20 
2.95 
3.15 
3.60 
4.00 
4.40 
0.05 
3.48 
3.60 
4.50 
4.90 
5.50 
3.20 
3.45 
4.35 
4.65 
5.20 
3.15 
3.40 
3.95 
4.35 
4.75 
0.02 
2.05 
2.10 
2.15 
2.25 
2.70 
1.65 
1.72 
2.00 
2.20 
2.65 
1.60 
1.65 
1.95 
2.10 
2.50 
0.01 
1.40 
1.50 
1.55 
1.60 
1.70 
1.35 
1.42 
1.45 
1.50 
1.65 
1.30 
1.35 
1.40 
1.45 
1.50 
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7 for the KCl solutions. The remaining 2 plots (not shown here) based on the data 
contained in the table have also exhibited a similar behavior. The conductance 
values have been found to increase with increase in concentration as well as 
temperature (10°C to 50°C) in all the cases. These results are in accord with those 
found for the pericardial membrane in respect of their conductance behavior with 
varying electrolytic concentrations. An examination of these plots shows that their 
slope values decrease at relatively higher concentrations compared to those of 
extremely dilute solutions. Also, such slopes keep on increasing with increase in 
temperature as one may envisage. 
Table 6 shows that the specific conductance not only increases with an increase 
in the electrolyte concentration but also attains a maximum limiting value at 
higher concentrations. Such a trend has been observed in all the above electrolytic 
solutions. This may be attributed to a progressive accumulation of ionic species 
within the membrane. The tendency to attain a limiting value seems to be due to 
the fact that an electrically neutral pore, which is specific for a particular ion, is 
unlikely to contain more than one type of ion. Consequently, at high electrolyte 
concentration, the pore saturates and the conductance approaches a limiting value. 
The values of specific conductance of the electrolytes follow the sequence for the 
cations: 
K^> Na^ > Li^ 
In addition, the diffusion of ions depends upon the charge on the membrane and 
its porosity. The membrane porosity in relation to the size of the hydrated species 
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1 -K Figure 7 Plots of specific conductance (mQ' cm' ) Vs square root of concentration 
for electrolytes at different temperature through Titanium arsenate membrane 
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diffusing through the membrane appears to determine the above sequence. Several 
probable structures of water molecules under the condition of a given temperature 
may play an important role in determining the size of the hydrated ions [32]. As 
the diffusion paths in the membrane become more difficult in aqueous solutions, 
the mobility of large hydrated ions gets impeded by the membrane framework and 
the interaction with the fixed charge groups on the membrane matrix. 
Consequently, the membrane pores reduce the conductance of small ions, which is 
much hydrated. This is in accord with the earlier reported significance of the 
factors like pore size, hydration, etc. [33-35]. 
In figure 8, specific conductance increases with increase in temperature T, due 
to the state of hydration which implies that the activation energy decreases. 
Table 7 shows that the activation energy decreases with increase in 
concentration of the bathing electrolyte solution and the sequence for energy of 
activation is 
EaK^>EaNa^>EaLi^ 
Table 8 shows that an increase of activation energy with an increase of 
crystallographic radius confirms the applicability of Kumins [36] arguments for 
polystyrene based inorganic precipitate membrane systems 
The rate theory describes any process from diffusion to chemical reaction in 
terms of elementary jumps over energy barriers. The permeant encounters energy 
maxima (barriers) and minima (wells) in its journey from one side of the 
membrane of the other side. The energy maxima represent the energies of 
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in"xio'(K') 
Figure 8 Arrhenius plots of specific conductance Vs 1/T 10 for 1:1 electrolytes 
through Titanium arsenate membrane 
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Table 7 Calculated values of Activation Parameters for 1:1 electrolytes through 
Titanium arsenate membrane 
Electrolytes 
KCl 
NaCl 
LiCl 
Cone. 
(mol/1) 
0.1 
0.01 
0.1 
0.01 
0.1 
0.01 
Ea 
(KJ/mole) 
4.77 
8.64 
3.44 
7.68 
2.68 
7.30 
AH* 
(KJ/mole) 
2.32 
6.19 
0.98 
5.22 
0.23 
4.85 
AG* 
(KJ/mole) 
64.93 
73.23 
63.87 
72.38 
63.51 
72.33 
(JK" 
-AS* 
'mole"') 
213.68 
228.81 
214.64 
230.78 
215.98 
231.20 
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Table 8 Relation between Crystallographic radius and activation energy of alkali 
chlorides 
Ion Crystallographic radii (A) Energy of activation 
(KJ/moIe) 
K* 1.33 4.7 7 
Na* 0.93 3.44 
Lf 0.60 2.68 
151 
transition states and diffusion past these unfavorable locations can be represented 
by single jumps over the corresponding barriers. The progress over each barrier is 
proportional to the number of ions attaining the energy needed to surmount the 
barrier. The rate constant K for crossing a barrier is related to standard Gibbs free 
energy of activation, AG*, as 
K = A exp (-AG*/RT) (15) 
where A represents the frequency of attempted hops. The AG* is related to AH* 
and AS* as 
AG*=AH*-TAS* (16) 
AH* and AS* can be evaluated with the help of experimentally observed values 
of specific conductance, A by making use of the following relationship: 
A ^Ti-mm e ^ ^ ^ V ^ ^ (17) 
Nh 
The obtained values of AH* can be used to evaluate the Arrhenius activation 
energy, Eg, on the basis of the equation 
Ea-AH*+RT (18) 
A plot of log versus — from experimental data, shown in figure 9, RT 
gives the value of AH* /R and AS*/R. AG* and Eg were obtained by using 
equations (16) and (18). The values of various kinetic activation parameters Eg, 
AH*, AG* and AS*derived for the diffusion of various electrolytes in membrane 
are given in table 7. 
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in"xio'(K'') 
TcNh 3 
Figure 9 Plots of log Vs 1/T 10 for 1:1 electrolytes through Titanium 
RT 
arsenate membrane 
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Table 7 shows that a larger ion has more difficulty in crossing the membrane 
than a smaller one. This type of variation can be explained the heights of the 
energy barriers (i.e., the differences between outer wells and peaks). It has been 
found that the larger ion encounters a bigger entrance barrier lying very close to 
the surface of the membrane. The entrance barrier for the smaller ion is not only of 
lesser height [37]. The location of the outermost well has been assumed to be same 
for all the ions, while that of the inner well found to be much further in for smaller 
ions than the larger ones. In the light of these findings, it can be argued that the 
magnitudes of Eg, AH* and AG* must be higher for larger ions than the smaller 
ones. 
AS* indicates the mechanism of flow, and has been interpreted in a number of 
ways [38,39]. Negative AS* values are considered to indicate either formation of a 
covalent bond between the permeating species and the membrane material or that 
the permeation through the membrane may not be the rate determining step. The 
data in table 7 also shows that the values of AH* are correlated to the values of 
AS*, as AH* values increases; AS* values increases. This phenomenon is known 
as "enthalpy-entropy compensation". 
Conclusions 
The polystyrene based titanium arsenate membrane was prepared after preliminary 
investigations and it was found that membrane was quite stable and did not show 
any dispersion in water and other electrolyte solutions. The surface charge model 
work as a tool to improve the performance of the membrane filtration process and 
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selectivity of ion exchange. The hydrated size of Li^ ion is large compared with K* 
ion; therefore, the passage of the formal ion was relatively hard especially at high 
concentrations. Membrane with higher fixed charged density offered high 
membrane potential for a given electrolyte solution. The distribution coefficient 
values were found to be diminished with the increasing electrolyte concentration 
and their order found to be, LiCl > NaCl > KCl. Table 3 shows that the values of 
the charge densities evaluated fi-om the various procedures are not much different 
from each other and a slight difference in the values may be ascribed to the 
different graphical procedures adopted for the evaluation. The experimental values 
were found to be quite close to the theoretical values. Therefore, the extended-
TMS equation may be utilized for obtaining the membrane potential and derived 
parameters for the membrane under investigation. From the data in table 7, it can 
be inferred that the larger ions face more difficulties in crossing the membrane 
than the smaller ones. Thus, it can be explained that the magnitudes of Eg, AH* and 
AG* must be higher for larger ions than the smaller ones. On the one hand, a high 
AS* value associated with the high value of Eg for diffusion may suggest the 
existence of either a large zone of activation or loosening of more chain segments 
of the membrane. On the other hand, low value of AS* implies either a small zone 
of activation or no loosening of the membrane structure upon permeation [40]. 
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Introduction 
There has been substantial research on the inorganic ion exchangers as well as 
organic resins commonly known as ion exchange media for the remediation of 
wastewater containing heavy metal ions as a by product of various industries. 
However, the practical use of organic and inorganic ion-exchange media are still 
limited by two major obstacles, one of the important limitations of organic resin is 
its poor thermal and radiation stability than inorganic ion-exchangers and other is 
the non-reproducible character, less stability in high acidic and basic medium and 
high cost of inorganic ion-exchangers. Further more inorganic ion-exchangers 
cannot be used in convenient way in case when the impurities from a large volume 
of effluent are to be removed In this connection, research has motivated to the 
investigators to study of organic-inorganic hybrid ion-exchangers with better 
mechanical, chemical, thermal and radiation stabilities, reproducibility and 
possessing good selectivity for heavy toxic metals [1-3], indicating its useful 
environmental applications [4,5]. Membrane potential and conduction has been 
found to depend on a variety of factors such as: fixed charge concentration on the 
membrane matrix, water content, porosity, electrolyte uptake of the membrane, 
temperature, concentration, and composition of the external electrolyte solution 
[6,7]. Ion permeation in membranes is usually characterized by such measurable 
parameters as conductance, current-voltage relationship, ionic fluxes, impedance 
and membrane potentials. These parameters have been quite helpful in explaining 
the mechanism of ion transport in various membrane systems [8,9]. 
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In this paper, the membrane potential measurements across cobalt arsenate 
membrane are described. The membrane potential data have been used to examine 
the validity of TMS [10,11] and Kobatake [12] theory based on the 
thermodynamics of irreversible processes. 
The theory of absolute reaction rates [13] has been utilized for the evaluation 
of energy of activation, Ea, free energy of activation, AG*, enthalpy of activation, 
AH*, entropy of activation, AS*, by making use of conductance data observed for 
the membrane in contact with various univalent electrolytes. 
Theory 
Fixed charge theory of Teorell-Meyer-Sievers 
In the TMS theory there is an equilibrium process at each solution membrane 
interface which has a formal analogy with the Donnan equilibrium. The 
assumptions made are (a) the cation and anion mobilities and fixed charge 
concentration are constant throughout the membrane phase and are independent of 
the salt concentration and (b) the transference of water may be neglected. The 
implications of these assumptions have been discussed [14]. Further assumption 
must be made that the activity coefficient of the salt is the same in the membrane 
and solution phase at each interface. The introduction of activities for 
concentrations can only be correctly made for the Donnan potential using either 
the integration of Planck or Henderson. 
According to TMS theory, the membrane potential A^ (applicable to a highly 
idealized system) is given by the equation at 25° C 
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A^ = 59.2 C, j4Cf +D^ +D - Mc'+D' +DU log— , ^ - + ^ log , _ - ^ z r 
C, ^ 4 ^ ' +D^ +D V4C,' +D' +DU 
,U-
{- - \ 
yU + Vj 
(1) 
where w and v are the ionic mobilities of cation and anion (mVv/s) respectively, 
in the membrane phase, C, and Cj are the concentrations of the membrane and D is 
the charge on the membrane expressed in equivalent per litre. 
The graphical method of TMS determines the fixed charge Din 
equivalents/litre and the cation-to-anion mobility ratio in the membrane phase. 
Kobatake Method 
The system considered is composed of an ionizable membrane of uniform 
thickness which separates two bulk solutions of a uni-univalent electrolyte of 
concentrations C, andC2. It is assumed that the system is isothermal and no 
pressure head is applied across the membrane. The ionizable groups are fixed on 
the polymer network which constitutes the given membrane. The expression for 
the membrane potential is given by 
Aj^ = - RT l l n ^ 
p C, 1 + P 
la 
V C,+ape 
\n—^ — 
C, + ape 
(2) 
where 
a 
( u ^ 
u + vj 
\ u ) 
and parameters have been assumed to be independent of salt concentration. 
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Kobatake have dedved two useful limiting forms of equation (2). These are (a) 
when Cj becomes sufficiently small with y fixed equation may be expanded to 
give 
1 V -\( 1 \C 
lA</)l = - lnr -^—^ l + - - 2 a ^ (3) 
where |A^^| is the absolute value of a reduced membrane potential defined by 
H\ = ^  (4) 
(b) It has also been shown by Kobatake that at a fixed y the inverse of an apparent 
transport number t^^^^ for the co-ion species in a negatively charged membrane is 
proportional to the inverse of the concentration C^  in the region of high salt 
concentration. t_^pp is defined by the relation 
N.| = (l-2/_,,Jlnr (5) 
The derived transport number value has been called the apparent number i.e. 
^-app because in this type of measurement water transport has not been taken into 
account. This apparent value will be close to the true value, when dilute solutions 
are used. Substituting for ts.(j> from equation (2) and expanding the resulting 
expression for 1/L„^ p in powers of 1 / C^  gives 
1 _ 1 ^ [\ + fi-2ap){ 9 
t-app O-o^) 2{\-af\nY + (6) \.^i) 
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Experimental 
Preparation of membrane 
Cobalt arsenate precipitate was prepared by mixing a 0.2M cobalt chloride with 
0.2M sodium arsenate solution. The precipitate was well washed with deionized 
water to remove free electrolyte and then dried and powdered. Membrane using 
suitable ratio of binder was prepared by the method used [15]. The precipitate 
having ion-exchange property was mixed with polystyrene granules of the size 
less than 200 meshes and pressed under suitable conditions of temperature and 
pressure for cobalt arsenate 200 °C and lOMPa. Our effort has been to get the 
membrane of adequate chemical and mechanically stability. Thus, the membranes 
prepared by embedding 25% polystyrene were mechanically most stable and gave 
reproducible results. Those containing larger amount (>25%) of polystyrene did 
not give reproducible results, while those containing lesser amount (<25%) were 
unstable. The membranes were subject to microscopic and electrochemical 
examinations for cracks and homogeneity of the surface and only those which had 
smooth surface and generated reproducible potentials were considered by carefully 
controlling the condition of fabrication. 
Measurement of membrane potential 
Membrane was cemented in Pyrex glass tube cell for measuring membrane 
potential. The half cell contained 25 ml of electrolyte solutions although the 
capacity of each of the half cells holding the membrane was about 35 ml. The 
various salt solutions (chlorides of K^ Na^, and Li^) were prepared from B.D.H 
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(A.R.) grade chemicals using deionized water. Saturated calomel electrodes were 
connected to a galvanometer (Osaw, spot reflecting galvanometer, Cat. No. 
30241). The solutions in both the compartments were vigorously stirred by 
magnetic stirrers at constant 500 rpm to minimize the effect of boundary layers on 
potential [16]. The potential difference across the membrane was measured with 
the help of an Osaw Vernier Potentiometer (Cat. No. 30071), the concentration 
ratio was maintained at 10 throughout the experiment. The pressure and 
temperature were kept constant throughout the experiment. The electrochemical 
setup used for uni-ionic potential and membrane potential measurements may be 
represented as 
SCE Solution Membrane Solution SCE 
C] Diffusion potential C2 
Donnan potential Donnan potential 
Measurement of membrane conductance 
The electric conductance of the membrane was measured by the method used [17]. 
The membrane was sealed between two Pyrex glasses half cells. The half cells 
were first filled with electrolyte solutions of known concentration to equilibrate 
the membrane, and then the latter was replaced by purified mercury without 
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removing the adhering surface liquid. Platinum electrodes dipping into mercury 
were used to established electrical contact. The membrane conductance was 
monitored on a direct reading conductivity meter (Model No L303). The solutions 
in both the compartments were vigorously stirred by magnetic stirrers at constant 
500 rpm to minimize the effect of boundary layers on potential. The whole cells 
assembly was kept immersed in a water thermostat maintained at the required 
temperatures (10°C to 50°C). 
Characterization of membrane 
The pre-requisite for understanding the performance of an ion-exchange 
membrane is its complete physico-chemical characterization, which involves the 
determination of all such parameters that affects its electrochemical properties. 
These parameters are membrane water content, porosity, thickness and swelling 
etc. and these were determined as described elsewhere [18]. 
Water content (%total wet weight) 
The conditional membrane was first soaked in water to diffusible salt, blotted 
quickly with Whatmann filter paper to remove surface moisture and immediately 
weighted. These were further dried to a constant weight in a vacuum over P2O5 for 
24h. The water content (total wet weight) was calculated as: 
0, % Total wet weight xlOO 
where W^ is the weight of the soaked / wet membrane and W^ the weight of the 
dry membrane. 
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Porosity 
Porosity was determined as the volume of water incorporation in the cavities per 
unit membrane volume from the water content data: 
Porosity d 
where Wj is the weight of the dry membrane, A the area of the membrane, L the 
thickness of the membrane and p^ is the density of water. 
Thickness 
The thickness of the membrane was measured by taking the average thickness of 
the membrane by using screw gauze. 
Swelling 
Swelling is measured as the difference between the average thickness of the 
membrane equilibrated with IM NaCl for 24 h and the dry membrane. 
Chemical stability 
Chemical stability was evaluated on the basis of ASTM D543-95 method. 
Membrane was exposed to several media commonly utilized. Membrane was 
evaluated after 24, 48 and 168 h, analyzing alteration in color, texture, brightness, 
decomposition, splits, holes, bubbles, curving and stickiness [19]. 
SEM investigation of membrane morphology 
Scanning Electron Microscope image was used to confirm the microstructure of 
fabricated porous membrane. The membrane morphology was investigated by Leo 
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4352 at an accelerating voltage of 20 kV. Sample was mounted on a copper stub 
and sputter coated with gold to minimize the charging. 
Results and discussion 
The cobalt arsenate membrane using polystyrene as a binder was prepared by 
sol-gel process. The polystyrene was selected because its cross linked rigid 
framework provides adequate adhesion to the cobalt arsenate which accounts for 
the mechanical stability to the membrane. Polystyrene based cobalt arsenate 
membrane is better than a conventional membrane which degrades under harsh 
conditions and often encountered in industrial settings [20]. The results of 
thickness, swelling, porosity and water content capacity of cobalt arsenate 
membrane are summarized in table 1. The water content of a membrane depends 
on the water vapor pressure of the surroundings. Knowledge of the pore size 
distribution and the water structure in a membrane might contribute to classify a 
special membrane resembling a solution-diffiision, a fine-porous, or a coarse-
porous membrane [21]. In case of most of the transport measurements, only the 
membrane water content at saturation is needed, and that mostly as a function of 
solute concentration. Thus, low order of water content, swelling and porosity with 
less thickness of this membrane suggests that interstices are negligible and 
diffusion across the membrane would occur mainly through exchange sites. 
Membrane was tested for chemical resistance in acidic, alkaline and strongly 
oxidant media. In acidic (IM H2SO4) and in alkaline media (IM NaOH) few 
significant modifications were observed after 24, 48 and 168 h, demonstrating that 
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Table 1 Characterization of Cobalt arsenate membrane 
Thickness of the membrane (cm) 0.075 
Water Content as % weight of wet membrane 0.057 
Porosity 0.085 
Swelling of %weight wet membrane No Swelling 
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the membrane is effective in such media. However, in strong oxidant media the 
synthesized membrane became fragile in 48 h and membrane was broken after 168 
h, losing mechanical resistance. 
The characterization of membrane morphology has been studied by a number 
of investigators using scanning electron microscopy [22,23]. The composite pore 
structure, micro/ macro porosity, homogeneity, thickness, cracks and surface 
texture/morphology have been studied [24,25]. The cross-section of SEM 
micrograph of the surface is shown in figure 1. Membrane cross-section thickness 
was estimated to be around 30|im as observed in figure 1. Membrane had random 
non-preferential orientation with no visible cracks and appeared to be composed of 
dense and loose aggregation of small particles. The membrane is macroscopically 
uniform in thickness and is porous in nature. The pores are modeled as uniform 
capillaries that extend throughout the membrane. These pores are evenly 
distributed throughout the surface of the membrane. Entrance and exit effects are 
ignored since the membrane thickness is large compared to the pore radius. 
However, the thickness is still large compared to the pore radius and it is assumed 
that the membrane and adjacent solution (interfaces) are in equilibrium. The 
distributions of charge density and mobile species within the pores are assumed to 
be uniform [26]. 
The values of observed membrane potential for the cobalt arsenate membrane 
in contact with various 1:1 electrolyte solutions at 25 ± 1°C are given in table 2. 
The values for the membrane potential are of the order of positive mV. The 
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Figure 1 Cross-section SEM image of Polystyrene-based (25%) Cobalt arsenate 
membrane 
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Table 2 Observed membranes potentials hcj) in mV across the Cobalt arsenate 
membrane in contact with various 1:1 electrolytes at different concentrations at 
25±rc 
Electrolyte Cobalt Arsenate 
Concentration (mol/1) 
KCl NaCl LiCl 
lOxloVlxlQ-' 
IxlO'VlxlQ-^ 
5xlO"^/5xlO"^ 
2x10-^/2x10"^ 
1X10-71X10-
25.5 
36.6 
40.9 
45.0 
47.5 
12.2 
25.0 
29.0 
34.5 
36.5 
10.5 
15.0 
25.5 
30.0 
33.0 
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observed values of membrane potential have been plotted against -logCj in 
figure 2. The decrease in the magnitude of membrane potential with an increase of 
bathing electrolyte concentration shows that the membrane is negative charged 
(cation selective) and its selectivity increases with the increase of dilution due to 
structural changes produced in the electrical double layer at the solution 
membrane interface [27] .The fixed charge concentration in the membrane is due to 
cobalt, which interacts with hydrated counter-ion and form the ion-pairs by 
loosing much of the water content while repelling the co-ions because of the same 
charge as that of the fixed charged group. The concentration difference of these 
charged ions generates an electrical potential difference in order to maintain 
electrochemical equilibrium between the membrane and electrolyte solution [15]. 
In the absence of a pressure or temperature gradient, the generation of a steady 
e.m.f between two solutions of an electrolyte of different concentrations, 
separated by a membrane, can be attributed to the presence of a net charge on the 
membrane. Such charges play an important role in the sorption and transport of 
simple electrolytes in artificial as well as natural membranes [28], and impart 
some important electrochemical properties to the membrane, the most important 
being the differences in the permeabilities of co-ions, counter ions and neutral 
molecules. 
The set of curves in figure 3 are the theoretical membrane potentials for a 
cation selective membrane, which is calculated from equation (1). The difference 
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1.0 
-logC, (mol/l) 
Figure 2 Plots of membrane potentials against -logC2 for Cobalt arsenate 
membrane using various 1:1 electrolytes 
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Figure 3 Plots of membrane potentials vs. -logC2 for Cobalt arsenate membrane. 
Smooth curves are the theoretical concentration potentials for different mobility 
ratio. Broken line is the experimental values of membrane potential for different 
concentration of KCl solution 
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(u] 
curves are for different mobility ratios ^ , with a constant value of D is unity 
expressed in equivalent/litre. The experimental A^ values for cobalt arsenate 
membrane with KCI electrolyte were plotted in the same graph as a function 
of-logCj. The experimental curve was shifted horizontally and ran parallel to one 
of the theoretical curves. This shift gave log D, and the parallel theoretical curve 
gave the value for mobility ratio with the membrane phase. The values of 
v^y 
Z)and derived in this way for the membrane and various 1:1 electrolytes are 
v^y 
given in table 3. Thus, the order of fixed charge density for electrolytes used was 
found to be KCI > NaCl > LiCl. The charge model may work as a tool to improve 
the performance of the membrane filtration process. Since, the charge density is an 
important parameter governing transport phenomena and the charge property of 
the membrane dominates the electrostatics interaction between the membrane and 
particles in the feed solution due to the prefential adsorption of some ions. 
Therefore, by controlling the solution physico- chemistry, the optimum charge 
property of the membrane can be obtained as desired [29]. 
Equation (3) indicates that a value of fi and a relation between a and 0 can be 
obtained by evaluation of the intercept and the initial slope of a plot of |A^,| 
against Cj which is shown in figure 4. The value of intercept is equal to l/filny 
fi-om which fi is evaluated. Values are given in table 4. 
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Table 3 Values of the thermodynamically charge density of Cobalt arsenate 
membrane- electrolyte systems evaluated by various theories 
Electrolyte 
KCl 
NaCl 
LiCl 
TMS 
2.45 
1.50 
1.44 
D(eq/1) 
0.060 
0.054 
0.052 
^ c 
0.042 
0.039 
0.032 
Kobatake 
0, 
0.068 
0.066 
0.061 
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Figure 4 Plots of (A(|)rj against C2 for Cobalt arsenate membrane using various I: I 
electrolytes 
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Table 4 Values of parameters a and p for Cobalt arsenate membrane- electrolyte 
system 
Electrolyte Cobalt Arsenate 
a 
KCl 0.71 1.21 
NaCl 0.60 1.58 
LiCl 0.59 1.74 
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Equation (6) indicate that the intercept of a plot of 1//.^ ^^  against l/C^at fixed 
gallows the value of a to be determined. Plots of l//.^ ^^  against l/Cj for various 
uni-univalent electrolytes are shown in figure 5.The value of intercept is equal to 
l/(l - a ) , from which a may be evaluated. Values are given in table 4. If this value 
of a is inserted in the relation obtained from the initial slope for \A^^ \ against C,, 
the desired value for 0^ can be determined. Once a and fi are known in the 
manner described above, the values of 6^ may be evaluated from the initial slope 
for lA-w against I/C2. 
Kobatake has suggested that provided his equation for the membrane potential 
is correct, then the two values of 6 i.e. 0^ and 0^ thus determined from the 
opposite limits should agree with one another. The values are given in table 3 
which are closed together thereby confirming the applicability of Kobatake's 
equation to these systems. We have seen that the charge density is higher in the 
region of low concentrations (0^ ) than in high concentrations (0^) because the 
ionic atmosphere around fixed charges in the formal case is large compared with 
than in the later case. On the other hand, the charge density in the case of KCl is 
higher than in NaCl case due to the size factor (the smaller size, the larger ionic 
atmosphere). 
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Figure 5 Plots of 1/t.app against I/C2 for Cobalt arsenate membrane using various 
1:1 electrolytes 
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The TMS equation (1) can also be expressed by the sum of Donnan 
potential ts,(j)^„ between membrane surfaces and external solutions and the 
diffusion potential A^j,^ within the membrane [30,31 ]• 
^<t>n,^^^Don^^<l>d,ff 
RT In 
v'C C RT 0-\ 
xln 
(7) 
(8) 
The R, T and F have their usual significance; y'^ and yl are the mean ionic activity 
coefficients; <y = — is the mobility ratio of the cation to the anion in the membrane 
V 
phase and C,^  and Q^ are the cation concentrations in the membrane phase first 
and second, respectively. The cation concentration is given by the equation 
^ T / K V 
Q = 
f.,n\ 
+ V ^ J 2n 
(9) 
Here V^ and V^ refer to the valency of cation and fixed-charge group on the 
membrane matrix, q is the charge effectiveness of the membrane and is defined by 
the equation 
r, 
K 
where A^^ is the distribution coefficient. It is expressed as 
(10) 
^ . = ; ^ . C. = C,-D (11) 
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where Q is the rth ion concentration in the membrane phase and C, is the /th ion 
concentration of the external solution. The transport properties of the membrane in 
various electrolj^e solutions are important parameters to fiirther investigate the 
membrane phenomena as shown in equation (12) 
^<^-^{K-t^\n^ (12) 
F C, 
^ = ^  (13) 
Equation (13) was first used to calculate the values of transport numbers?^, 
mobility ratio a =— and finally U as given in table 5. The values of mobilit>' ai 
V 
of the electrolytes in the membrane phase were found to be high at lower 
concentration of all the electrolytes (KCl, NaCl and LiCl). Further increase in 
concentration of the electrolytes led to a sharp drop in the values of co as given in 
table 5. The high mobility is attributed to higher transport number of 
comparatively free cations of electrolytes and also be similar trend as the mobility 
in least concentrated solution. The values of the parameters A:^  , q and C, derived 
for the system have also been included in table 5. The values of ;;'^ were the usual 
charted values for electrolytes. Using equation (11) it was found that the values of 
distribution coefficients increased at lower concentration of electrolytes. As the 
concentration of electrolytes increased, the values of distribution coefficients 
sharply dropped and, thereafter, a stable trend was observed as shown in table 5. 
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Table 5 The calculated values of the parameters?^ ,U ,co ,K^, q, and C^  of Cobalt 
arsenate membrane with different concentration of electrolytes using eq. (12) and 
eq. (9)- ( l l ) 
C2(mol/l) /, U Q? K , q C , 
KCl (Electrolyte) 
0.01 0.90 
0.02 0.88 
0.05 0.84 
0.10 0.81 
1.00 0.71 
0.80 
0.76 
0.68 
0.62 
0.42 
9.00 
7.33 
5.25 
4.26 
2.45 
5.00 
2.00 
0.20 
0.40 
0.95 
0.463 
0.664 
2.054 
1.386 
0.803 
0.0025 
0.0038 
0.0056 
0.0200 
0.6839 
NaCl 
0.01 
0.02 
0.05 
0.10 
1.00 
0.80 
0.79 
0.74 
0.71 
0.60 
0.60 
0.58 
0.48 
0.42 
0.20 
4.00 
3.76 
2.85 
2.49 
1.50 
4.40 
1.70 
0.08 
0.46 
0.94 
0.453 
0.720 
3.244 
1.293 
0.800 
0.0024 
0.0036 
0.0054 
0.0194 
0.6805 
LiCl 
0.01 
0.02 
0.05 
0.10 
1.00 
0.78 
0.75 
0.71 
0.63 
0.59 
0.56 
0.50 
0.42 
0.26 
0.18 
3.55 
3.00 
2.49 
1.70 
1.44 
4.20 
0.62 
0.04 
0.48 
0.94 
0.424 
1.192 
4.588 
1.266 
0.799 
0.0022 
0.0034 
0.0053 
0.0157 
0.6701 
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The large deviation in the value of K^ at the lower concentration of electrolytes 
was attributed to the high mobility of comparatively free charges of the strong 
electrolyte and thus, reached into the membrane phase easily compared to higher 
concentrated electrolytes solution. 
The charge effectiveness 9, values for LiCl are the smallest of the 
electrolytes used in this study and order is KCl > NaCl > LiCl. The counter-ions 
Cr, is the same for all the electrolyte used therefore, the variation of charge 
effectiveness values are possibly due to increase in adsorption of co-ions on 
charged membrane [32,33]. 
When a permselective membrane happens to be in between the solutions 
of electrolytes of different concentrations, a steady electromotive force (e.m.f) 
develops due to difference in the relative permeabilities of various ionic species. 
This e.m.f, usually called the membrane potential, depends on the properties of the 
membrane and has been the subject of many theoretical and experimental studies. 
TMS theory and its modifications are inadequate to explain experimental results 
on non-ideal permselective membrane. 
The perm selectivity [34] is a measure of the characteristic difference in the 
membrane of counter ions and co-ions, which be expressed as 
P = 
1- / . 
(14) 
where /+ is the counter-ion transport number through the membrane and t^, is the 
counter ion transport number in the solution phase. Thus, the permselectivity 
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arises due to the nature of the membrane for differentiating between co-ions and 
counter ions and is not a membrane constant. An ideal permselectivity cation -
exchange membrane would transmit positively charge ions only. Permselectivity 
can be calculated from the equation (14). It can be seen from figure 6 that 
permselectivity decreased with the increase in the concentration of the salt 
solution. This is inconformity with the expectation based on increased deswelling 
of the ion exchange membrane resulting in progressively lowered co-ion exclusion 
with increase in concentration. 
An ion exchange membrane undergoes swelling because of the osmotic 
intake of the solvent by the membrane network. This osmotic action depends on 
the solute concentration; it decrease with the increase in concentration [35] and as 
a result solvent uptake by the membrane matrix decreases leading to the 
deswelling of the membrane. Due to this increased membrane openness this is 
accompanied by lowered exclusion of co-ions and Permselectivity of the 
membrane therefore decreases. Thus, even when electrolyte concentration remains 
unchanged; a reduction in membrane permselectivity is expected with the increase 
in the concentration of the solution. 
Increase in concentration results in decreases in the magnitude of the 
counter ion transport number as expected because of deswelling of the membrane. 
The values of observed membrane conductance for the cobalt arsenate 
membrane in contact with various 1:1 electrolyte solutions at different temperature 
(10°C to 50°C) are given in table 6. The values for the membrane specific 
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Figure 6 Plots of Ps against log (C,+C2)/2 for Cobalt arsenate membrane using 
various 1:1 electrolytes 
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Table 6 Experimentally observed values of membrane conductance (m^''cm"') 
for various 1:1 electrolytes at different temperature (10 to 50) ± O.TC 
Concentration, Temperature (°C) 
C (mol/I) 
10 20 30 40 50 
KCI NaCI LiCl KCl NaCl LiCl KCI NaCl LiCI KCl NaCl LiCl KCl NaCl LiCI 
0.1 9.82 8.92 8.50 10.30 9.44 8.97 10.53 9.69 9.25 10.79 9.95 9.50 11.03 10.25 9.74 
0.07 7.56 6.98 6.50 7.92 7.39 6.98 8.12 7.63 7.25 8.33 7.90 7.51 8.56 8.14 7.80 
0.05 5.12 5.00 4.85 5.54 5.42 5.33 5.70 5.63 5.50 5.84 5.68 5.58 6.00 5.89 5.68 
0.02 3.39 3.12 2.98 3.70 3.48 3.39 3.94 3.68 3.59 4.10 3.92 3.85 4.30 4.18 4.10 
0.01 1.96 1.84 1.64 2.08 1.90 1.85 2.25 2.10 2.00 2.42 2.22 2.10 2.58 2.42 2.35 
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conductance are of the order of positive mQ"'cm'' and increase with an increase of 
external electrolytes concentration. This type of variation can be explained in 
terms of increased obstruction of the membrane matrix and increased salt uptake 
with an increase of external electrolyte concentration. 
From the table 6, under identical conditions of temperature and concentration, 
it is clear that the membrane's conductance is highest when in contact with KCl 
and lowest when in contact with LiCl, and for various alkali metal ions give the 
sequence, 
K V Na^ > Li^ 
which follows the order of their ionic radii and also from the selectivity 
sequence observed [36,37]. 
In addition, the diffusion of ions depends upon the charge on the 
membrane and its porosity. The membrane porosity in relation to the size of the 
hydrated species diffusing through the membrane appears to determine the above 
sequence. Several probable structures of water molecules under the condition of a 
given temperature may play an important role in determining the size of the 
hydrated ions [38]. As the diffusion paths in the membrane become more difficult 
in aqueous solutions, the mobility of large hydrated ions gets impeded by the 
membrane framework and the interaction with the fixed charge groups on the 
membrane matrix. Consequently, the membrane pores reduce the conductance of 
small ions, which is much hydrated [39,40]. 
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The membrane specific conductance data obtained with cobalt arsenate 
membrane using various 1:1 electrolytes at different temperature are plotted as a 
function of Vc. This plot is shown in figure 7. The specific conductance of the 
membrane increases almost linearly with the square root of external electrolyte 
concentration. This behavior can be explained in terms of increased obstruction of 
the polymer matrix as diffusion pathways become more tortuous in concentrated 
solution. It is also observed that at higher concentration the uptake of salt by 
membrane is higher which results in increased value of electrical conductance. 
These two opposing effects operate simultaneously at higher concentration as 
shown in figure 7 and a state is reached when membrane conductance attains a 
maximum value [41]. 
In figure 8, specific conductance increases with increase in temperature T, this 
implies that activation energy decreases. 
Table 7 shows that the activation energy decreases with increase in 
concentration of the bathing electrolyte solution and the sequence for energy of 
activation is 
Ea K^ > Ea Na V Ea Li"^  
Table 8 shows that an increase of activation energy with an increase of 
crystallographic radius confirms the applicability of Kumins [42] arguments for 
polystyrene based inorganic precipitate membrane systems. 
On the basis of absolute reaction rate, Eyring [43] 
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Figure 7 Plots of specific conductance (mQ"'cm'') Vs square root of concentration 
for electrolytes at different temperature through Cobalt arsenate membrane 
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through Cobalt arsenate membrane 
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Table 7 Calculated values of Activation Parameters for 1:1 electrolytes through 
Cobalt arsenate membrane 
Electrolytes Conc.(mol/l) Ea(KJ/mole) AH*(KJ/mole) AG*(KJ/mole) -AS*(JK''mor') 
KCl 0.1 
0.01 
NaCl 0.1 
0.01 
LiCl 0.1 
0.01 
2.82 
5.77 
2.64 
5.70 
2.51 
5.47 
0.37 
3.32 
0.19 
3.25 
0.06 
3.02 
34.87 
39.28 
34.86 
39.27 
34.84 
39.26 
117.75 
122.73 
118.33 
122.92 
118.71 
123.69 
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Table 8 Relation between Crystallographic radius and activation energy of alkali 
chlorides 
Ion Crystallographic radii (A) Energy of activation 
(KJ/mole) 
K^ 1.33 2.81 
Na^ 0.93 2.64 
Li^ 0.60 2.51 
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A = 
{Nh 
^ „ \ TAW*"! (AS 
RT)AR) ( 1 5 ) 
where A is the observed specific conductance, h the planck's constant, R 
the gas constant, N the Avogadro number, T the absolute temperature, AH* the 
enthalpy of activation and AS* the entropy of activation while the other terms 
have their usual meaning. 
The enthalpy and entropy of activation are related to the free energy of 
activation, AG*, by the Gibbs-Helmholtz equation 
AG*=AH*-TAS* (16) 
The enthalpy of activation is also related to the Arrhenius energy of 
activation, Eg, as 
Ea = AH* + RT (17) 
TiNh 1 
A plot of log versus — from experimental data, shown in figure 9, RT gives 
RT T 
the value of AH* /R and AS*/R. AG* and Eg were obtained by using equations 
(16) and (17). The values of various kinetic activation parameters Eg, AH*, AG* 
and AS*derived for the diffusion of various electrolytes in membrane are given in 
table 7. The results indicate that the electrolyte permeation gives rise to a negative 
value of AS*. Amongst the ions of the same valence the order of AS* is as follows 
K^> Na^ > Li^ 
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Figure 9 Plots of log Vs 1/T 10 for 1:1 electrolytes through Cobalt arsenate 
RT 
membrane. 
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Thus, the negative values of AS* indicated electrolyte diffusion with partial 
immobilization in the membrane, the relative partial immobility increasing with 
increase in the valence of ions constituting the electrolyte [44]. 
According to Eyring [43] , the values of AS* indicate the mechanism of flow, 
the large positive AS* is interpreted as reflecting bonds breaking, while low values 
indicate that permeation has taken place without bonds breaking. Negative AS* 
values are considered to indicate either formation of a covalent bond between the 
permeating species and the membrane material or that the permeation through the 
membrane may not be the rate determining step. 
Conclusions 
The polystyrene based cobalt arsenate membrane was prepared and found that it 
was quite stable and did not show any dispersion in water and other electrolyte 
solutions. The theoretical values of membrane potential were obtained by using 
TMS equation at various concentrations and found to be closer to the experimental 
values. The transport properties of membrane are also controlled by ion 
distribution coefficients and the discrepancies in distribution coefficients with 
variation in the concentration of electrolytes is due to the prefential adsorption of 
some ions on the membrane surface. The membrane conductance bathed in 
different concentrations of various 1:1 electrolytes (KCl, NaCl and LiCl) and 
measured at several temperatures is reported. The binder polystyrene was selected 
because its cross-linked rigid framework provides an adequate adhesion to the 
cobalt arsenate, which accounts for the mechanical stability to the membrane. 
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Thus, in general the specific conductance of ions across the membrane varies 
almost linearly with concentration in the lower concentration range. The data 
suggest that the larger ions face more difficulties in crossing the membrane than 
the smaller ones. Hence, it can be explained that the magnitudes of Eg, AH*and 
AG* must be higher for larger ions than the smaller ones. On the one hand, a high 
AS* value associated with the high value of Eg for diffusion may suggest the 
existence of either a large zone of activation or loosening of more chain segments 
of the membrane. On the other hand, low value of AS* implies either a small zone 
of activation or no loosening of the membrane structure upon permeation [44]. 
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The polystyrene based nickel, titanium and cobalt arsenate membranes have been 
prepared by sol-gel method. Polystyrene is suitable binder because of its cross-
linked rigid framework which provides an adequate adhesion to the membrane. 
SEM images have provided guidance in the preparation of well-ordered 
precipitates, composite pore structure, micro/macro porosity, homogeneity, 
thickness, surface texture and crack-free membranes. Potentials across three 
polystyrene based nickel, titanium and cobalt arsenate membranes using various 
1:1 electrolytes have been measured. The data have been used to calculate 
transference number of ions, mobility, distribution coefficient, charge 
effectiveness, permselectivity and examine the validity of the recently developed 
equations for membrane potential based on the principles of irreversible 
thermodynamics. The surface charge model work as a tool to improve the 
performance of the membrane filtration process and selectivity of ion exchange. 
The good agreement between the theoretical and the experimental data for the uni-
univaent potentials proved the applicability of the relationship derived for the 
system. The two limiting forms of Kobatake's equation gave identical values of 9 
for the membrane taken in this investigation. Thus, the order of fixed charge 
density for electrolytes used was found to be KC1> NaCl> LiCl. The values of 
mobility of the electrolytes in the membrane phase were found to be high at lower 
concentration for all the electrolytes. The distribution coefficient values were 
found to be diminished with the increasing electrolyte concentration. The charge 
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effectiveness^, values for electrolytes used in this study are in the order of KCI > 
NaCl > LiCl. It can be seen that permselectivity decreased with the increase in the 
concentration of the salt solution. 
The conductance values have been found to increase with increase in 
concentrations as well as with temperature. The slope of the plots of specific 
conductance versus concentration exhibits a decrease in its values at relatively 
higher concentrations compared to those in extremely dilute solutions. The 
activation energies were found to depend on the size of penetrate species and it 
decreased with increase in the concentrations of the electrolyte solutions. The 
values of AS* were found to be negative indicating the partial immobilization of 
ions within the membrane. The order of membrane selectivity was found to be 
K^>Na^>Li^ 
The partial immobility of the ionic species has been attributed to it interaction 
with the membrane matrix of low fixed density. 
